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ABSTRACT 
 
 
Single-walled carbon nanotubes (SWCNTs) are materials with unique electronic 
and mechanical properties suitable for a large number of applications. Although, since 
their discovery many strategies for SWCNT synthesis have been explored, most of these 
are either tremendously energy intensive or require complex SWNCT purification 
strategies. These issues have resulted in expensive SWCNT production processes which 
in turn have hampered the development of a large range of SWCNT applications.  
This study deals with the controlled growth of SWCNTs from methane 
decomposition over iron and cobalt catalysts supported on MgO and the application of 
the CCVD grown SWCNTs as a catalyst for partial oxidation of ethanol to acetaldehyde. 
A series of analytical techniques such as nitrogen physisorption, powder X-ray 
diffraction, diffuse reflectance spectroscopy, X-ray photoelectron spectroscopy and 
temperature programmed reduction techniques were used to examine the catalysts used 
for SWCNTs synthesis. Similarly, obtained carbon nanotube deposits were characterized 
by Raman spectroscopy, high resolution electron microscopy, optical absorption 
spectroscopy, energy dispersive X-ray spectroscopy, temperature programmed oxidation 
and nitrogen physisorption techniques. The results indicate that the relative aggregation 
rate of stabilized metallic clusters and methane decomposition rate were balanced such 
that a high yield of SWCNTs of high quality was achieved.  
Surface-modified SWCNTs catalysts with oxygen functionalities for partial 
oxidation of ethanol to acetaldehyde were obtained by thermal treatment of the purified 
SWCNT materials obtained during the first part of this study in O2/He gas mixture 
  
iv 
 
between 200-350 ºC. Raman and optical absorption spectroscopy and temperature 
programmed oxidation (TPO) were used to probe the SWCNTs catalyst before and after 
partial oxidation. Temperature programmed desorption (TPD) and infrared spectroscopy 
were used to investigate the nature of oxygen functionalities involved in partial oxidation 
catalysis. The catalyst displayed high, stable activity and selectivity up to 24 hours time-
on-stream. Acetaldehyde selectivity was found to be independent of catalyst pretreatment 
temperature. The results indicate that an opportunity exists to create highly active and 
selective nanotube-based catalysts for ethanol partial oxidation resulting in a sustainable 
metal-free strategy for acetaldehyde production that is free of the environmental burden 
of toxic transition metals.   
 
Keywords: Controlled synthesis, SWCNTs, Co-MgO, Fe-MgO, CCVD, Methane, 
Selectivity, Partial oxidation, Ethanol, Acetaldehyde. 
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CHAPTER 1 
INTRODUCTION 
 
1.1. Background 
Since their discovery, single-walled carbon nanotubes nanomaterials have 
continued to be the subject of many studies due to their superior chemical, electrical, 
mechanical and thermal properties. Single-walled carbon nanotubes (SWCNTs)  have 
shown promising potential for a wide range of applications including nano-electronic 
components [1], reinforcing agents in polymer composites [2,3], biosensors [4,5], 
hydrogen storage materials [6,7] and catalysis [8]. The attractive properties of SWCNTs 
originate from their unique one dimensional electronic structure, where electrons flow is 
mainly confined to the direction of the nanotube axis. At the same time, the electronic 
properties of SWCNTs are strongly dependent on the diameter and the position of the 
carbon hexagons that build their walls. The position of the carbon hexagons within a 
nanotube is defined as nanotube chirality. Presently methods for reliably producing 
SWCNTs with a single chirality are not available. Moreover, even the cheap mass 
production of SWCNTs of a controlled chirality distribution in high multikilogram 
quantities is still a challenge. This has resulted in a stalling on the wide development of 
applications that rely on the use of SWCNTs since their availability is limited. For 
instance, high purity SWCNTs (> 90 wt. %) costs about $110/g [9] and samples of 
SWCNTs (> 90 wt. %) with a narrow chirality distribution cost about one thousand 
Canadian dollars per gram [10].  
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Among all SWCNT synthesis methods, catalytic chemical vapor deposition 
(CCVD) has the potential to achieve such controlled growth on a large-scale. The CCVD 
process is attractive because of its flexibility in the synthesis equipment design and 
configuration and the ability to tune both the catalysts and operating conditions to 
develop a process that offers high SWCNT yield and selectivity. The use of supported 
catalysts in the CCVD also opens the possibility of tapping onto mature engineering 
technology dealing with the process and reactor design and optimization widely used in 
the chemical and petrochemical industry.  
Even though, the CCVD method offers the most promising route towards mass 
growth of SWCNTs, it still presents its own set of challenges. These include low activity 
of the catalysts for the decomposition of carbon sources and low selectivity towards 
SWCNTs [11], complex catalyst preparation methods and the use of relatively expensive 
catalytic materials or carbon sources such as carbon monoxide. In fact, the best SWCNT 
materials reported to date are obtained through CO decomposition or ethanol CVD over 
supported silica catalysts. In addition to the problems arising from the removal of silica 
supports after SWCNTs growth, which require harsh purification method such as HF 
dissolution [12], these catalytic systems have inherent limitations. High pressures are 
normally required to achieve adequate SWCNT yields when CO is used to overcome 
equilibrium limitations at normal pressure. Additionally the use of CO results in 
considerable amorphous carbon deposition at high temperatures and the hazardous nature 
of CO require the enclosure of the CCVD setup and continuously vented. 
On the other hand, the ethanol CCVD growth of SWCNTs requires ultra-low 
pressures, making this process extremely difficult to scale-up. Attempts to synthesize 
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SWCNTs of narrow chirality distribution from methane have resulted in the use of iron-
ruthenium-silica catalyst at ambient pressure [13]. However, the use of an expensive 
metal such as ruthenium is an obstacle to scaling-up. This indicates that despite 
tremendous research effort in over two decades on SWCNTs synthesis [14-20] the 
implementation of a selective SWCNT synthesis process using inexpensive carbon 
feedstock and inexpensive catalytic materials, together with a simple method of catalyst 
preparation and removal after SWCNT growth, is yet to be achieved.  
A chief objective of this thesis work is to contribute to the realization of the goal 
of consistent and inexpensive SWCNTs synthesis method that yields a material of narrow 
diameter and chirality distribution. Overall, the approach used in the study is comprised 
of a number of experimental activities conducted in series and parallel. A sequential 
preparation and testing of the different formulation of catalytic materials for methane 
decomposition to grow SWCNTs, and characterization of the resulting SWCNTs was 
carried in parallel. This helped to guide the synthesis and adjustment of reaction 
conditions of the next formulation of catalysts investigated. The detailed characterization 
of the catalysts before SWCNT growth offers reliable and systematic insight on the active 
catalytic species present responsible for SWCNT growth. The relationships between 
those structures and morphology of the SWCNTs obtained allows the development of a 
protocol for controlled synthesis of SWCNTs. “Controlled synthesis” as used here refers 
to the capability to modify the selectivity and yield of the catalytic process through the 
alteration of catalyst loadings, catalyst composition, catalyst pretreatment and operating 
conditions, together with a reliable quantitative measurement of SWCNT yield and 
selectivity. 
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After the development of protocols for the selective growth of SWCNTs by 
CCVD of methane was realized, the obtained SWCNTs were tested as a catalyst for 
partial oxidation of ethanol to acetaldehyde in the later stage of the thesis work. This was 
carried out with the aim to develop a metal free catalysis approach to produce 
acetaldehyde. This contrast with current technology that is highly dependent on metal 
oxide catalyst for the partial oxidation processes. The lists of activities undertaken as part 
of this thesis work are as follows;  
(a) Selective synthesis of SWCNTs on supported iron and cobalt catalysts; the 
sequence of experimental work include; 
 Catalyst development and characterization. 
 Study on the effects of operating conditions on SWCNTs growth and optimization 
of operating conditions. 
 SWCNTs purification and characterization. 
(b) Partial oxidation of ethanol to acetaldehyde using SWCNTs as catalyst; the 
sequence of experimental work include; 
 SWCNTs-based catalyst development and characterization. 
 Testing of SWCNTs-based catalysts activity and effects of operating conditions 
on product selectivity. 
 Characterization of SWCNTs-based catalysts after reaction. 
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1.2. Objectives 
The main objectives of this thesis work are:  
(1) To develop a scalable method for the controlled synthesis of SWCNTs by 
catalytic decomposition of methane.  
(2) To rationalize and establish the mechanisms responsible for catalytic 
performance. 
(3) To optimize the synthesis conditions to achieve high carbon yield and selectivity 
to SWCNTs. 
(4) To develop purification methodology for SWCNTs obtained by catalytic 
decomposition of methane and to develop methods for their dispersion in selected 
surfactants for bulk chirality assessment and detailed characterization by electron 
microscopy, spectroscopy and thermoanalytical techniques.  
(5) To assess the activity and selectivity of surface-modified SWCNTs for catalytic 
partial oxidation of ethanol to acetaldehyde. 
 
1.3. Motivation and significance of the research study 
The synthesis of SWCNTs by the CCVD method is of immense interest due to its 
potential to be easily adapted and scaled-up in terms of quantities produced. At the same 
time, the main challenge of the CCVD process lies in the multitude of parameters 
involved, any of which can affect the SWCNTs produced in terms of quantity, quality 
and chirality. The success of the CCVD as a sound synthesis method for producing 
commercial SWCNTs thus requires a thorough, systematic analysis of all the operating 
parameters involved in a given synthesis setup in addition to the development, of highly 
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active and selective catalysts. By carrying a detailed study of the growth parameters, 
(temperature, growth time, and methane flow rate), catalyst loading, catalyst composition 
and the effect of catalyst-support interaction, this thesis attempts to qualify a regime of 
the output capabilities of CCVD method to grow SWCNTs of narrow diameter and 
chirality distribution by methane decomposition over Fe and Co nanoparticle catalysts 
supported on MgO. 
With this aim, a systematic approach is presented which not only establishes a 
detailed protocol for the selective growth and purification of SWCNTs with narrow 
chirality, but also rationalizes the phenomenological relationships linking the catalytic 
system performance and synthesis conditions, to SWCNTs selectivity, diameter and 
chirality distribution, needed for the development of a large-scale process for SWCNTs 
production.  
 
1.4. Thesis outline 
This thesis presents work on the growth of SWCNTs by catalytic decomposition 
of methane on supported Fe-MgO and Co-MgO catalysts and the use of the SWCNTs as 
a catalyst for the partial oxidation of ethanol to acetaldehyde. Chapter one presents the 
general background and motivation for the research work, research objectives, 
significance and scope of the study. A literature review on SWCNTs synthesis and the 
use of carbon-based catalyst in oxidative dehydrogenation reactions are the subject of 
chapter two. Items in discussion among others include the structure of SWCNTs, various 
synthesis techniques, catalysts used for SWCNT growth, catalyst preparation parameters 
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influencing SWCNT growth, parameter control, support materials, carbon precursors and 
catalyst and SWCNTs characterization techniques. Chapter three focuses primarily on the 
development of our methodology for SWCNT growth. Details of catalyst preparation and 
analytical techniques for the characterization of catalysts and SWCNTs and SWCNT 
synthesis setup/procedure are discussed. Chapters four, five and six, discusses in detail 
the results on Fe-MgO and Co-MgO catalysts characterization for SWCNTs growth and 
results on SWCNT characterization obtained from these catalysts by methane 
decomposition. Chapter seven discusses the performance of surface-modified SWCNTs 
for the partial oxidation of ethanol to acetaldehyde. Finally, chapter eight presents the 
overall conclusions of this thesis and possible future directions for this research.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Atomic structure and morphology of carbon nanotubes  
Carbon nanotubes (CNTs) can be visualized as a sheet of graphite that has been 
rolled up into a seamless cylinder. Unlike diamond, where a 3-D diamond cubic crystal 
structure is formed with each carbon atom having four nearest neighbors arranged in a 
tetrahedron, graphite is formed as a 2-D sheet of carbon atoms arranged in a hexagonal 
array. In this case, each carbon atom has three nearest neighbors. The properties of 
carbon nanotubes depend on the atomic arrangement (the orientation of the hexagonal 
carbon rings in the nanotube wall, known as chirality) of the carbon atoms in the tube, the 
nanotube diameter and its length, and the degree of sp
3
 defects or heteroatom’s present in 
the nanotube structure.  Carbon nanotubes exist as either single-walled or multi-walled 
structures. Multi-walled carbon nanotubes (MWCNTs) are simply composed of 
concentric single-walled carbon nanotubes (SWCNTs). The physical characteristic that 
predominantly determines the electronic behavior of a CNT is its chirality. The chirality 
of a nanotube can be envisioned as the twist or wrap-angle of the nanotube with respect 
to its central axis. Additionally, the mechanical strength of CNTs, estimated higher than 1 
TPa [21], is also largely affected by the arrangement of the carbon atoms and the general 
defectiveness of the carbon network on the nanotube structure. Both types of CNTs are of 
considerable interest depending upon their application. Since the focus of this thesis work 
is on SWCNTs, MWCNTs are not discussed here, but whenever necessary in the course 
of discussion, they will be mentioned. 
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2.2 Single-wall carbon nanotubes (SWCNTs) 
A single-wall carbon nanotube is a rolled-up tubular shell of a single graphene 
sheet, which is made up of benzene-type hexagonal rings of carbon atoms. The structure 
is conveniently expressed in terms of one-dimensional unit cell, [22] as shown in Figure 
2.1. The circumference of a SWCNT is given by the chiral vector (also called Hamada 
vector). 
21 amanCh

                                                                                                              (2.1)                                                
Here, n and m are positive integers and a1, and a2 are unit vectors of the hexagonal 
carbon lattice. The chiral vector defines the degree of twirling present in the hexagonal 
network of carbon atoms with respect to the central axis of the tube. As shown in Figure 
2.1, the axial direction of the nanotube is given by vector OB. The chiral vector, given by 
OA, is the direction in which the nanotube rolls up. The unit cell of the nanotube is 
bounded by the rectangle OAB’B. The chiral angle θ defined by the angle between the 
chiral vector and one of the basis vectors, reaches a maximum of 30° when the nanotube 
basis vector integers (n and m) are equal. The chiral vector is a minimum of 0° when the 
tube has coordinates (n, m) equal to (0, m) or (n, 0). The chiral vector thus dictates the 
geometric arrangement of the nanotube, and there exist three distinct possible 
classifications. Zigzag nanotubes correspond to (n, 0) or (0, m) and have always a chiral 
angle of 0°; armchair nanotubes has a chiral index of (n, n), and a chiral angle of 30°, 
while chiral nanotubes have general (n, m) values and a chiral angle between 0° and 30°. 
The names given for the three classes, armchair, zigzag and chiral are illustrated below in 
Figure 2.2. The difference in structure is easily observed at the open end of the tubes.  
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Figure 2.1. Definition of unit cell of carbon nanotube and schematic diagram showing 
how a hexagonal sheet of graphite is rolled to form a carbon nanotube. Reprinted from 
[22] with permission from Elsevier. 
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Figure 2.2. Nanotubes are formed by rolling up a graphene sheet into a cylinder and 
capping each end with half of a fullerene molecule. Shown here (a) armchair nanotube 
(b) zigzag nanotube and (c) chiral nanotube. Reprinted from [22] with permission from 
Elsevier.  
 
The chiral index (m,n) can be also used to calculate the theoretical diameter of a single 
walled nanotube. The diameter (in nanometers) of a SWCNT [23] is given by: 
220783.0 mnmnd                                                                                               (2.2)                                                                                                         
The chiral angle θ defined by the angle between the chiral vector and one of the basis 
vectors, can be also calculated as [23]: 

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                                             (2.3) 
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A calculation of the electronic density of states on a nanotube predicts that SWCNTs can 
be classified as either metallic or semi conducting based on their chiral vector (n,m). A 
SWCNT thus will be metallic if the difference n-m is a multiple of three, in any other 
case the nanotube will be semi conducting, [22]. 
n-m = 3q (q: integer): metallic                                                                                      (2.4) 
n-m ≠ 3q (q: integer): semiconductor                                                                            (2.5) 
Thus chirality determines nanotube electrical behavior and makes possible the 
formation of semiconductor-semiconductor and semiconductor-metal junctions useful in 
the fabrication of nanoelectronics devices. To this date, SWCNTs produced by the 
methane CCVD method typically yield a mixture of semiconducting nanotubes and 
metallic nanotubes. The presence of the metallic nanotubes in parallel with the 
semiconducting nanotubes degrades device performance in nanoelectronics devices, such 
as field-effect transistors (FETs) [24].  
 
2.3 Synthesis of single-wall carbon nanotubes 
Three main methods have been identified for SWCNTs production. These 
methods are arc discharge, laser ablation and chemical vapor deposition. These synthesis 
methods are discussed in detail below. 
 
2.3.1 Arc discharge 
The arc discharge CNTs synthesis method relies upon the vaporization of carbon 
during an electric spark in the presence of catalyst (Fe, Ni, Co) under vacuum or in inert 
gas atmosphere. The main components inside an electric arc chamber are two graphite 
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electrodes closely spaced (< 1 mm apart) that generate the electric arc necessary for 
carbon vaporization. A direct current (between 50 and 120 A) carried by a driving 
potential of approximately 30 V creates a high temperature plasma (> 3000 °C) between 
the two electrodes [25]. In the inter electrode plasma region, the carbon on the anode 
electrode sublimes and condense rapidly on the cathode electrode to form CNTs and 
other carbonaceous by-products [22]. The catalyst is introduced into the reaction via the 
anode by two predominant methods, drilled hole or uniformly dispersed. By the drilling 
method, a hole is drilled into the end of the anode graphite electrode and filled with metal 
catalyst and graphite powder. Depending on the catalyst used, this method produces 
SWCNTs, MWCNTs or a mixture of both [25]. 
 
2.3.2 Laser ablation 
This method is somewhat similar to arc discharge in that both methods rely on the 
vaporization of solid graphite. The laser ablation system utilizes a laser to create plasma 
and vaporize the graphite. Typically, a graphite target doped with catalytic metal is 
placed inside the heated reaction zone of a furnace at around 1200 °C [26]. A high 
intensity laser is then directed onto the pellet in either a pulsed or continuous fashion 
causing vaporization of metal and graphite [22]. The main components of a laser ablation 
set up consists of a furnace, a quartz tube with a window, a target carbon composite 
doped with catalytic metals, a water-cooled trap, and flow controllers for the buffer gas to 
maintain constant pressures and flow rates [27,28]. A high power laser beam (typically a 
YAG or CO2 laser) is introduced through the window and focused onto the target located 
in the center of the furnace. The target is vaporized in a high-temperature argon buffer 
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gas current and upon condensation CNTs are formed. The argon flow rate and pressure 
are typically 1 cm
3
/s and 500 torr, respectively. The SWCNTs produced is conveyed by 
the buffer gas to the trap, where they are collected. The vaporization surface is kept as 
fresh as possible by changing the laser focus point or moving the target. In both laser 
ablation and arc discharge methods, by-products produced include soot and amorphous 
carbon, in addition to SWCNTs and MWCNTs, and must, therefore, always be purified 
post synthesis. 
 Due to the high temperatures used during synthesis SWCNTs growth by arc 
discharge or laser ablation method offer nanotube materials of extremely high quality 
(lack of wall defects), compared to those produced using chemical vapor deposition. 
However, the inherent design of these systems and their energy intensiveness pose 
limitation to large-scale production. For example, vacuum conditions are required to 
prevent the interference of unwanted ion formation at the high temperatures used in arc 
discharge. Vacuum conditions are difficult and expensive to scale up. In addition, the 
graphite targets and electrodes require continuous replacement as the synthesis proceeds, 
and hence, these systems are very difficult to be continuously operated.  
 
2.3.3 Catalytic chemical vapor deposition (CCVD) 
 The catalytic chemical vapor deposition method provides more accessible control 
in growth of SWCNTs and could be more easily scaled-up to industrial scale. When a 
hydrocarbon is used as carbon feedstock, chemical vapor deposition can be considered as 
thermal dehydrogenation reaction by the use of a transition metal such as Fe, Co, or Ni, 
to decompose a hydrocarbon feed into carbon and hydrogen [29]. SWCNTs synthesis is 
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thus initiated with the introduction of a gaseous carbon feedstock into a reactor, typically 
at moderate temperatures between 750-1200°C. Decomposition of the carbonaceous gas 
molecules to carbon occurs, and this subsequently leads to SWCNT growth. Many 
CCVD methods are reported in the literature; these include fixed beds, fluidized beds, 
aerosol assisted, floating catalysts and combination methods, such as plasma-enhanced 
(PECVD) and laser-assisted techniques [29]. The versatility of the CVD technique further 
provides the opportunity for SWCNTs to be synthesized for a wide range of end-use 
applications, [30], such as field emission devices that require growth of patterned 
SWCNTs over a substrate. A comparison of the three synthesis methods is shown in 
Table 2.1. 
 
Table 2.1. Comparison of single-walled carbon nanotubes synthesis methods. 
Parameter CVD Laser ablation Arc discharge 
Temperature 
 
750-1000 °C 
 
3000-4000 °C 
 
3000-4000 °C 
Carbon source 
 
 
Carbon gases or 
liquids 
 
Solid carbon Solid carbon 
Catalyst source 
Particles or thin 
films 
Particles 
Particles 
 
 
Diameter control 
 
Large distribution 
 
Small distribution 
 
Small distribution 
 
CNT defectiveness 
 
High 
 
Low 
 
Low 
CNT arrangement 
 
Vertical alignment  
possible 
Randomly arranged 
 
Randomly 
arranged 
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As shown in Table 2.1, SWCNTs produced by the three main synthesis processes 
have defects, which is even higher in the case of the CVD process. These defects include 
amorphous carbon attached to the SWCNT wall and intrinsic defects in the sp
2
 SWCNT 
carbon network [31,32]. These defects degrade the mechanical, electrical, and thermal 
properties of the SWCNTs [33-35]. Some factors have been identified as reasons for the 
formation of more defects in the SWCNTs from CCVD methods than from the other 
processes. First, local high-temperature conditions, such as those present in the arc 
discharge and laser ablation processes, are needed for good graphitization of SWCNTs 
[36,37]. Therefore, the defects in the SWCNTs produced by these two methods are less 
than those from CCVD [37-39]. Another explanation is that in the arc discharge and laser 
ablation techniques only the carbon-metal bond that has to be formed and broken to grow 
SWCNT, however, in the CCVD process, both the carbon-metal bond and the metal-
support interaction bond are involved [16]. In situ, TEM observations has indicated that a 
large stress is produced in the lifting of SWCNTs from metal nanoparticles, which results 
in the formation of defective and curved products [40,41]. Thirdly, SWCNTs grow freely 
in the chamber of the arc discharge and laser ablation reactor, where the concentrations of 
gas and solid species are very low. Although arc discharge and laser ablation methods are 
both effective in producing SWCNTs with near perfect structure and high graphitization 
[28], the high-temperature evaporation (3000˚C) makes these methods prohibitively 
expensive and difficult to control, moreover consistency on the quality of the product 
obtained is also an issue [42]. On the other hand, the CCVD process enables the operator 
to influence both the catalytic system and the operating conditions to achieve relatively 
high selectivity and yield at relatively low temperatures (750-1200˚C).   
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Controlling the chirality of SWCNTs is another important aspect for their 
application because the chirality determines nanotube diameter and its electronic 
properties [43-45]. Generally, the diameter depends on the synthesis temperature and the 
size of catalytic particle generated during the CVD processes [46-48]. Much evidence has 
suggested that, in the growth of SWCNT over porous catalysts [31,49-51], the size of the 
catalyst particles is well correlated to the diameter of the SWCNT and contributes 
significantly to the appearance of defects and might even lead to byproduct formation. If 
the size of the catalyst particle in the CCVD reactor is controlled to a large extent during 
synthesis, then SWCNTs of narrow diameter and chirality distribution are obtained. Up to 
this time, this remains a difficult task especially in the case of methane as a carbon 
precursor. Many other parameters affect the growth of SWCNT in the CCVD process as 
well. Some of these include the type of precursor gas, the choice of metal catalyst and 
catalyst preparation, the catalyst support and any additional co-catalysts, the gas flow rate 
and concentration, the growth temperature and the synthesis time. Among these the three 
parameters that have a more direct impact on the quantity and quality of the obtained 
SWCNT material are the gas carbon source, catalyst and growth temperature. For 
simplicity purposes, these factors will be classified in two categories; influence of the 
catalytic system and influence of the operating conditions. In order to achieve controlled 
synthesis of SWCNTs, the composition of the catalyst, the preparation and control of 
operating conditions are of crucial importance. In the next section of this thesis, a brief 
literature review is presented to describe the state of the art understanding of how each of 
these parameters influences SWCNT growth. 
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2.4 Influence of the catalytic system 
2.4.1 Catalyst preparation 
 The first step in SWCNTs synthesis over supported catalysts by the CCVD 
method is the preparation of the catalytic nanoparticle precursor over which the carbon 
containing gas decomposes. The use of supported catalyst or substrate growth for 
SWCNTs synthesis is attractive for two essential reasons. First, for large-scale production 
of SWCNTs, it is desirable to anchor the metal catalyst firmly to a support to impede the 
formation of large catalyst clusters [52]. Large catalyst clusters are the result of the 
sintering of the metal atoms and their strong, cohesive forces. At the growth temperature, 
typically 700-900°C, these metal catalyst particles have sufficient mobility to coalesce 
into larger particles. This effect is especially unwanted if structures of small diameters are 
required. Secondly, for some applications, it is desirable to coat SWCNTs directly on a 
particular surface. For instance when SWCNTs are used as field emitters in 
microelectronic applications it is necessary to deposit the nanotubes directly within gated 
apertures to ensure that the structures are as close as possible to the gate so that low 
operating voltages can be utilized [53,54].  
 In general, heterogeneous catalysts preparation is a mature, albeit empirical 
science and a variety of methods have been reported on catalysts for nanotube synthesis. 
These include sol-gel synthesis, impregnation, metallo-organic CVD, or coprecipitation. 
Direct impregnation is the easiest and quickest method to prepare supported catalysts, 
although the surface area of the catalyst obtained by this method may be lower than those 
obtained in catalysts made by coprecipitation or the sol-gel approaches [55]. The method 
of catalyst preparation by impregnation however can be scaled-up at low cost.  
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2.4.2 Choice of the metal catalyst 
Metals used to catalyze CNT growth are most often transition metals able to 
catalyze carbon cracking. Thus, typical Fisher-Tropsch catalysts are generally used, in 
particular Fe, Co and Ni. The peculiar ability of these metals to catalyze carbon nanotube 
formation is mostly linked to their catalytic activity for the decomposition of carbon 
compounds, their ability to form carbides, their ability to solubilize carbon and the 
possibility for carbon to diffuse through and over the metals extremely rapidly [56]. 
Mixtures of transition metals (Fe-Co, Co-Ni, Fe-Ni) or addition of other metals (Mo, Cu, 
Mn, Cr, Ru, etc.) to either Fe, Co or Ni has been shown to exhibit better results in terms 
of carbon yield and SWCNT quality. Attempts to explain these observations include 
proposed changes in the metal electronic structure, which would lead to lower activation 
energies for carbon decomposition and the formation of either stable complexes or solid 
solutions thermally stable during nanotube growth [57]. Among all promoters used for 
SWCNT synthesis, molybdenum is prominent.  
Specific examples on the use of molybdenum include catalytic systems studied by 
Cassell et al [58]. They have proposed that adding molybdenum species to Fe-Al2O3 
catalysts favors the aromatization of CH4 at high temperature, the intermediate aromatic 
species can feed into the SWCNTs growth sites with high efficiency, without being 
limited by diffusion. Other explanations imply a role of molybdenum species in the solid 
phase. Some authors [59-62] have proposed that species such as CoMoO4, Mo2C or 
MoO3 are located around metal Fe or Co nanoparticles, isolating them from each other 
and limiting their coalescence. Thus, the addition of an adequate quantity of molybdenum 
should increase the number of metal nanoparticles active for SWCNTs formation. 
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Harutyunyan et al [63] have proposed that the presence of molybdenum species makes it 
possible to decrease the SWCNTs synthesis temperature and to limit the growth of metal 
nanoparticles and thus to decrease the SWCNT diameter. However, the nature and 
location of the molybdenum species is not indicated. It has also been shown [64-67] that 
the formation of mixed-phases such as CoMoO4 makes possible to delay the reduction of 
the cobalt oxide, producing smaller and thus more active Co nanoparticles at the 
temperature of the SWCNTs synthesis.  A clear fact by these explanations is that the pure 
metal (Fe or Co) is the active species and that the in situ formed molybdenum carbide 
(mostly Mo2C) is inactive. By contrast, the final class of proposed explanations brings to 
the fore the formation of mixed species as the active one. Li et al [68] proposed that Fe-
Mo alloy nanoparticles interact more strongly with the Al2O3 surface than pure Fe 
nanoparticles do, limiting the growth of the former. On the basis of all these argument, it 
can be inferred that molybdenum helps in the stabilization of catalyst in small-scale 
particles, reducing sintering and large metal aggregation which generates amorphous 
carbon and defective MWCNTs [58]. As mentioned above, the stabilization of the 
catalyst in small-scale particles is crucial since large catalyst particles are found to be 
inactive for SWCNT growth.   
The mixture of the metal catalysts with a catalyst promoter for SWCNTs growth 
poses limitations as well. First, for a large-scale production, bimetallic or multi-metallic 
formulations are more expensive than monometallic catalyst. Even more important, there 
is a synergistic effect between the mixture of the promoter with the active metal which 
requires detailed and systematic study to determine the relevant proportion of each metal 
to obtain a catalyst with optimum performance. It takes a considerable time and effort to 
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develop such a catalyst, which in turn adds to the cost of SWCNTs synthesis. In the 
purification of SWCNTs after their growth, it is less expensive and easier to get rid of 
support and the metal catalyst from a monometallic formulation than from a bimetallic or 
multi-metallic catalytic system. More so, bimetallic or multi-metallic catalyst may require 
more than one chemical reagent to target each of the metal catalyst during purification, 
and in some cases several purification steps might be needed. Depending on the 
composition of the catalyst, it may also not be possible to remove some of the metal 
catalyst. For instance, it has been reported that Co-Mo catalyst form a stable alloy of 
molybdenum carbide (Mo2C) during nanotube synthesis which is highly refractory and 
extremely difficult to remove [69]. The harsh purification procedure that may be required 
for the removal of metal catalysts in a bimetallic or multi-metallic catalytic system can 
also lead to structural changes and modification in the electronic properties of the 
purified SWCNTs. Also for some specific applications in the biomedical field residual 
metallic impurities will greatly hinder their use.  
 
2.4.3 Support material 
A wide variety of supports have been used as substrate for SWCNT growth 
including, Al2O3, SiO2, MgO, zeolites, silica-alumina or MCM 41 molecular sieves. In 
order to facilitate the large scale production of SWCNTs, support material should play a 
threefold role: 1) keeps the amount of byproducts (amorphous carbon, graphitic carbon, 
etc.) at minimum levels, 2) inhibits the aggregation of catalytic centers and 3) allows it 
removal from the resulting SWCNTs using simple chemical procedures [70]. Easy 
removal of support during the purification step is important mainly when large scale 
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production is desired. However, some other considerations must be taken into account.  
For instance, due to the relatively high temperatures needed for SWCNTs production, the 
support should present thermal as well as chemical stability and should not be active for 
catalytic decomposition of the carbon source [71]. Supports should also have high surface 
area and porosity as this favors high metallic dispersions and highly porous supports may 
reduce sintering.  
Another issue to be considered is the chemical or physical interactions which may 
take place between the support and the catalyst material. Physical interactions, e.g. van 
der Waals and electrostatic forces, together with obstruction of catalyst particle 
movement on the support surface due to surface roughness, reduce the thermally driven 
diffusion and sintering of metal particles on the support surface resulting in stabilization 
of the catalyst particle during SWCNT synthesis [72].  If a strong chemical interaction 
takes place between catalyst and support, particle growth is even more limited due to 
decreased particle mobility.  
 
2.4.4 Catalyst particle size and metal loading 
Experimental and theoretical studies have shown that a correlation exists between 
the catalyst particle size and the SWCNT diameter in the CCVD process [73]. It is known 
that reducing to the nanometer scale the catalytic metallic particle diameter enhances the 
catalytic activity with regard to the carbon source decomposition and carbon diffusion 
[73,74]. When the metal loading is progressively increased on the support MWCNTs are 
formed in addition to SWCNTs. Further increase in metal surface density may even lead 
to the formation of encapsulated nanoparticles. The generation of very small metal 
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particles on the surface of the support is thus presumably the best way to produce 
selectively SWCNT. These small metal particles are generally formed during a 
pretreatment step in H2 at high temperature, right before synthesis [16], or in situ at the 
early stages of the carbon source decomposition [75].  
 
2.5 Influence of the operating system 
2.5.1 Carbon precursors 
SWCNT can be grown from a variety of carbon sources such as methane, alcohols 
and carbon monoxide. This precursor gas is fed to the reaction chamber in at some 
specific conditions.  The reaction chamber is usually kept free of oxygen during the 
growth process to minimize carbon oxidation. Generally the carbon bearing gas is diluted 
in a continuous inert gas flow supplied to the reaction chamber. Argon helium and 
nitrogen are the most extensively used inert gases because of their ability to displace air 
and form an oxidant-free atmosphere in the reaction chamber. CO and methane are the 
most reported carbon sources in the literature for growing SWCNTs. Cost, availability, 
pyrolysis thermodynamics and kinetics of the carbon precursor are important factors in 
the choice of the carbon bearing gas. The reaction leading to the formation of solid 
carbon must be thermodynamically feasible under the chosen temperature and pressure 
conditions and self-pyrolysis should be minimized. In the case of the decomposition of 
hydrocarbons their ability to pyrolyze is linked to the reactivity of the hydrocarbon [76] 
(Figure 2.6 a). Methane is the most stable hydrocarbon molecule and thus preferred since 
pyrolysis in undesirable. Its decomposition is only thermodynamically feasible above 600 
ºC, while for the case of ethylene, acetylene, or benzene, decomposition is 
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thermodynamically favorable already at 200 ºC. Experimentally, SWCNTs are often 
grown by CCVD of methane at temperatures above 800 ºC to overcome kinetic 
limitations. For the case of CO disproportionation over metal nanoparticles for SWCNTs 
synthesis the reaction is kinetically slow below 600 ºC and is thermodynamically limited 
above this temperature [76] (Figure 2.6 b). High pressures (10-30 bar) are thus required 
to displace the equilibrium and to grow SWCNTs from CO at reasonable yields [77-79].   
Methane is cheaper than CO for SWCNT growth and the most kinetically stable 
hydrocarbon that undergoes the least pyrolytic decomposition at high temperatures 
[79,80]. However, SWCNTs formed are usually wider in diameter and broad chirality 
distributions are observed because of the high synthesis temperatures used. On the other 
hand, high temperatures are favored for less defective and well graphitized SWCNTs and 
higher yields. By contrast, when CO is used the yield of SWCNTs is lower, but the 
product obtained has narrower diameter and chirality distributions and a lower degree of 
defects compared to SWCNTs formed from methane. This difference in yield, diameter 
and chirality distribution of SWCNTs formed from CO and CH4 has been attributed to 
the thermodynamic equilibrium properties of the two different chemical reactions [55]: 
CH4 ↔ C + 2H2   ∆H
o
 = + 74.4 kJ/mol                                                                          (2.6) 
2CO ↔ C + CO2   ∆H
o
 = - 172 kJ/mol                                                                          (2.7) 
For CH4, higher temperatures favors carbon formation as methane decomposition is an 
endothermic reaction; hence higher yield of carbon is obtained at high temperatures 
provided that catalyst deactivation does not take place. On the other hand, for CO 
decomposition, higher temperatures favors carbon consumption, as the decomposition 
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process is exothermic. Thus, optimum operating conditions for CNT synthesis drastically 
differ depending on the carbon bearing gas used. 
 
 
 
 
(a) 
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Figure 2.3. Thermodynamic data calculated with using ChemKin database. (a) Gibbs free 
energies of formation for various carbon precursors. The energies are normalized to the 
number of carbon atoms in the precursor and correspond to its pyrolysis. (b) Gibbs free 
energies of typical reactions: CO disproportionation, water gas shift, oxidative 
dehydrogenation of acetylene, and pyrolysis of ethanol. The energies are normalized to 
the number of solid carbon atoms. Reprinted from [76] with permission from John Wiley 
and Sons. 
 
(b) 
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2.5.2 Synthesis temperature 
The growth temperature affects the quality of the SWCNTs material produced; 
too high a temperature leads to the formation of pyrolytic amorphous carbon; on the other 
hand, the diffusion of carbon through the catalyst is a thermally activated process, and 
hence, higher temperature leads to higher growth rates which may be desirable for large 
scale processes. It is necessary to indicate that the most serious catalyst deactivation 
process in SWCNT synthesis is catalyst poisoning due to the accumulation of amorphous 
carbon, which is normally observed at high temperatures. Accumulation of amorphous 
carbon may arise as a result of hydrocarbon self-pyrolysis or due to excessive carbon 
precursor activity. Amorphous carbon is deposited from the thermal pyrolysis of the 
carbon feedstock gas, whereas SWCNTs are grown from the catalytic decomposition of 
the carbon feedstock gas [52]. In most cases, clean (i.e., amorphous carbon-free) growth 
of highly graphitized structures is desired, and hence and optimum carbon deposition 
temperature window is preferred where acceptable nanotube growth rates are achieved 
and significant self-decomposition of the carbon precursor gas is minimized. 
A strategy to reduce the formation of amorphous carbon is to decrease the contact 
time of the carbon bearing gas and the catalyst substrate. This can be achieved by using 
high gas flow rates (in the case where pure carbon feedstock is used in the flow) or high 
dilution. Thus, the carbon feedstock is often diluted by a carrier gas. Normally there is an 
optimum ratio of carbon feedstock to carrier gas, which is experimentally determined. A 
small amount of hydrogen in the gas flow is also useful in keeping the catalyst particle 
active by removing amorphous carbon deposits formed during SWCNT growth [81]. On 
the other hand, the addition of hydrogen poses some limitations. It increases the rate of 
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reduction and sintering of metal clusters in the catalyst and also hinders the nucleation of 
carbon species on the surface of the cluster by decreasing the carbon surface fugacity; 
potentially leading to low carbon yields and poor nanotube selectivities [82,83].  
 
2.5.3  Carbon feed rate 
The feed rate of CH4 to the catalyst particle surface is of key importance when the 
CCVD process is driven toward SWCNT formation. At a given synthesis temperature, 
low feed rates result in low carbon yields. On the other hand, at high carbon feed rates 
carbon yields  increase however the selectivity towards SWCNT can be potentially lost 
and other forms of poorly organized carbon or carbon encapsulated metal particles 
appear. Optimizing the feed rate of carbon to the catalyst particle can be achieved by 
controlling the carbon bearing gas partial pressure and/or its volumetric flow rate. 
Cheung et al [84] investigated the effect of the carbon precursor feed rate on the catalyst 
particle in which 9 nm catalyst particles were used. At low carbon precursor 
concentration SWCNTs were produced, while the increase in the available carbon led to 
the formation of thin MWCNTs. SWCNTs are produced when the right compromise is 
reached between the decomposition rate of the carbon source, the diffusion rate of carbon 
through the metal nanocatalyst particles, and the carbon precipitation rate.  
 
2.6 Purification of SWCNTs 
 SWCNTs obtained by the CCVD procedure contain carbonaceous impurities and 
metal catalyst particles, and the amount of the impurities commonly increases with the 
decrease of SWCNT diameter. Carbonaceous impurities typically include amorphous 
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carbon and carbon nanoparticles. Amorphous carbon is relatively easy to remove because 
of its high density of defects, which allow it to be oxidized under mild conditions. The 
most difficult problem is how to remove polyhedral carbons and graphitic particles that 
have oxidation temperature close to that of SWCNTs. Metal impurities are usually 
residues from the metal catalysts. These metal particles are sometimes encapsulated by 
carbon layers (varying from disordered carbon layers to graphitic shells, making them 
inaccessible and unable to dissolve in acids. Another problem that needs to be overcome 
is that carbonaceous and metal impurities have very wide particle size distributions and 
different amounts of defects or curvature depending on synthesis conditions, which 
makes it rather difficult to develop a unified purification method to obtain reproducibly 
high-purity SWCNT materials. 
Purification methods of SWCNTs can be classified into three categories, namely 
chemical, physical, and a combination of both (multi-step purification method). The 
chemical method purifies SWCNTs based on the idea of selective oxidation, wherein 
amorphous carbonaceous impurities are oxidized at a faster rate than SWCNTs, and the 
dissolution of metallic impurities by acids. This method can effectively remove 
amorphous carbon and metal particles except for those encaged in polyhedral graphitic 
particles. However, most of the time, the chemical method affects the structure of 
SWCNTs due to the oxidation steps required. In general, chemical oxidation includes gas 
phase oxidation (using air, O2, Cl2, H2O, etc.), liquid phase oxidation (acid treatment and 
refluxing, etc.), and electrochemical oxidation. If not carefully performed these 
treatments lead to the opening of the end of SWCNTs, cuts on SWCNTs, damages on the 
nanotube surface structure and introduction of oxygenated functional groups (-OH, -C=O 
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and -COOH) on the SWCNT walls. As a result, the purified SWCNTs in turn can serve 
as chemical reactors or a starting point of subsequent nanotube surface chemical [85,86] 
manipulation. Physical methods separate SWCNTs from impurities using physical 
methods such as ultra-sonication, size exclusion chromatography or surfactant 
suspension. In general, physical methods are used to remove graphitic sheets, carbon 
nanospheres, aggregates or separate SWCNTs with different diameter/length ratios. In 
principle, these methods do not require oxidation and prevent SWCNTs damage. 
However, physical methods are not able to remove all types of impurities present, are 
time-consuming, energy intensive and result in very low yields of purified SWCNT 
materials. The third type of purification method combines the merits of physical and 
chemical purification and can be denoted as multi-step purification method. These can 
lead to a high yield and high-quality purified SWCNTs. Owing to the diversity of the as-
prepared CNT samples, such as CNT type, CNT morphology and structure, as well as 
impurity type and morphology, a skillful combination of different purification techniques 
to obtain SWCNTs with desired purity is required.  
 
2.7 Purity, structural and chemical characterization of SWCNTs 
and their surfaces 
Determining the purity of SWCNT materials is an important component of 
structural and chemical characterization. This is because the CCVD method results in 
both amorphous carbon being present on the SWCNT surface and residual metal catalyst 
nanoparticles embedded within the hollow nanotube interior. To satisfy the vast potential 
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applications of SWCNTs a systematic characterization protocol of the as-prepared and 
purified SWCNTs is critical.  
The most common type of the impurities present on SWCNT samples fall into 
three groups: metal catalyst, carbonaceous impurities, and SWCNT structure variation 
(defects, functional groups, cap opening, cutting, etc.). Their characterization mainly 
relies on electron microscopy (EM); scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) and atomic force microscopy (AFM), thermogravimetric 
analysis (TGA), temperature programmed oxidation (TPO), Raman spectroscopy, 
ultraviolet-visible-near-infrared spectroscopy (UV-vis-NIR), energy dispersive X-ray 
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), Fourier transform infra-
red spectroscopy (FTIR), and photoluminescence excitation (PLE) spectroscopy.  
Electronic microscopy is a useful technique which allows for direct observation of 
impurities, local structures, as well as SWCNT defects. Transmission electron 
microscopy (TEM) uses a high-energy electron beam (up to 300 keV) to image SWCNTs 
based on electron transmission. The length and dispersion state of SWCNTs can be 
assessed by TEM at low magnifications. At high magnifications, TEM can be used to 
count the number of walls, determine inner and outer diameter, assess structural integrity, 
and identify structural changes (e.g., sidewall damage) caused by surface modification. 
Although TEM is capable of imaging the structure of SWCNTs, including the presence of 
sidewall damage, the electrons used for imaging can themselves also cause sidewall 
damage and structural modification. To overcome this problem it has been recommended 
that analysis areas only be exposed to the electron beam for very short durations (<15 s), 
and that beam energies should be limited to 100 keV [87]. As in many imaging 
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techniques, verification that an observed structure remains unchanged with respect to 
irradiation time is the best way to ensure that the analysis technique is non-destructive. 
However, a very big limitation of the TEM technique is that due to the small volume of 
sample used for analysis and the absence of algorithms to convert images into numerical 
data, TEM cannot give a quantitative description of the purity of SWCNTs [88].  
Atomic force microscopy (AFM) can be used to obtain quantitative information 
about the distribution of diameter and length of the dispersed SWCNTs by measurements 
of the bundle heights of SWCNTs deposited onto suitable substrates from solution [89]. 
Smaller average bundle size is an indication of better dispersion. Unfortunately, bundle 
size can change as SWCNTs are transferred onto the substrate, and as such the 
measurements do not necessarily reflect the state of dispersion in original solvent. 
Moreover, AFM can only probe a few SWCNTs at a time which may not be fully 
representative of the whole sample.  
TGA is effective in evaluating quantitatively the quality of SWCNTs, in 
particular, the content of metal impurities with respect to the total amount of carbon 
present in the sample. It is easy and straightforward to obtain the metal impurity content 
using TGA by simply burning SWCNT samples in air. A higher oxidation temperature 
(>500 °C) is always associated with SWCNT samples. The homogeneity of SWCNT 
samples can be evaluated by standard deviations of the oxidation temperature and metal 
content obtained in several separate TGA runs [90]. The quantity of remaining trace 
metal catalysts can also be determined by TGA based upon the residual mass obtained 
after complete SWCNTs decomposition/volatilization at temperatures greater than 900 ºC 
[91]. The real difficulty is qualitative or quantitative assessment of carbonaceous 
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impurities, which is influenced by the amount of defects and different forms of carbons in 
the sample.  
In TPO analysis, the SWCNT sample is converted to CO2 by oxidation in a He/O2 
gas mixture. After combustion and in a separate chamber, the CO2 formed is mixed 
together with H2 over a Ni-Al2O3 catalyst at 400 ºC in a methanator. In the methanator, 
CO2 is quantitatively reduced to methane under excess hydrogen, which can be detected 
by a flame ionization detector (FID) and used to measure and quantify CH4 formed. The 
intensity of the CH4 peaks and their position with respect to temperature can be used to 
quantify the amount of different carbonaceous materials present in the SWCNTs samples. 
TPO method is particularly suitable for quantitative characterization of SWCNTs because 
SWCNTs are oxidized in a relatively narrow temperature range, which lies above the 
temperature of oxidation of amorphous carbon and below the oxidation temperature of 
MWCNTs and graphitic carbon. However, it also has its own limitations. TPO is a 
catalytic process in which the metals present in the sample catalyze the oxidation of the 
carbon species, hence, if the nature of the catalyst is significantly changed, the position of 
the oxidation temperature may shift even when the carbon structures are the same [64]. In 
order to use this method properly, a complete analysis of the family of catalysts and 
operating conditions needs to be done together with known references [64].   
Among spectroscopic techniques, Raman spectroscopy is a fast, convenient and 
non-destructive analysis method. To some extent, it can quantify the relative fraction of 
impurities in the measured SWCNT sample using the area ratio of D/G bands under fixed 
laser power densities. In addition, the diameters and electronic structures of SWCNTs can 
be fairly determined by using the radial breathing mode (RBM) frequencies observed in 
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the resonance Raman scattering [31]. However; sidewall defects in SWCNTs, can also 
contribute spectral intensity to the D-bands, making it difficult to use ID/IG band ratios as 
an unambiguous measurement of amorphous carbon content unless the structural integrity 
of the SWCNTs sample has been independently determined, for example, by TEM. Also, 
Raman spectroscopy cannot provide direct information on the nature of metal impurities, 
and it is not as effective in studying SWCNT samples with a low content of amorphous 
carbon [92].   
UV-Vis-NIR spectroscopy is a rapid and convenient technique to estimate the 
relative purity of bulk SWCNTs based on the integrated intensity of S22 transitions 
compared with that of a reference SWCNT sample of high quality [93]. It is particularly 
useful in determining the concentration of SWCNTs dispersed in solution once the 
extinction coefficient of SWCNTs is known [94]. Moreover, SWCNTs give rise to a 
series of predictable electronic band transitions between van Hove singularities in the 
density states of nanotubes (S11, S22, and M11) observable in the Vis-NIR range, thus this 
technique is also used to sort SWCNT types, i.e., metallic or semiconducting [92,93,95]  
according to their electronic structure. For small diameter SWCNTs individually 
dispersed in solution with the assistance of surfactants, the (n,m) index assignment, and 
thus chirality evaluation is also possible from UV-vis-NIR spectroscopy [93,95]. The 
drawback of this method is the difficulty in repeatedly preparing the standardized 
SWCNT film or solution and controlling film thickness or solution concentration, making 
quantification challenging. Furthermore, it is not yet possible to provide an absolute value 
of the purity of SWCNTs because to date there is no 100% pure standard SWCNT 
sample or a sound accurate value for the extinction coefficient for SWCNTs.   
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Photoluminescence excitation (PLE) spectroscopy has emerged as one of the 
promising approach for analyzing nanotube bulk mixtures because of its high sensitivity 
and its ability to detect many species using only a few excitation wavelengths. The most 
obvious limitation of PLE analysis is that it cannot detect metallic SWCNTs, which 
theoretically comprise about one third of the SWCNTs in most samples. This is because 
metallic SWCNT will accept energy, quench emission and reduce emissive quantum 
yields [96]. This hinders the use of PLE spectroscopy in the determination of the 
semiconducting-to-metallic ratio of SWCNTs, an important property of interest for 
applications in electronics and conducting films. More so, PLE analysis involves the need 
for the purification of SWCNT sample, debundling them in selected surfactants or 
custom made molecules followed by ultracentrifugation. As-produced SWCNTs samples 
do not show near-IR fluorescence because of the presence of metal catalyst and bundling 
and must be debundled and individualized by techniques such as sonication in surfactant 
solutions prior to PLE analysis. Although this processing is not very difficult, there is 
some possibility that the (n,m) distribution in the resulting suspension may not be exactly 
as the original sample distribution because of structure dependent suspension behavior 
during processing. It is necessary to explore this possibility by performing careful PLE 
assays with a controlled range of processing protocols. More so, SWCNTs that have 
undergone covalent sidewall functionalization will generally not show near-IR 
fluorescence because optically generated excitons are highly mobile and can be quenched 
efficiently even by a low density of functionalized sites [96]. 
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Besides the most commonly used techniques described above for characterizing 
SWCNTs samples, a variety of different techniques can be used to characterize the 
surface chemistry or structure of SWCNTs after functionalization.  
X-ray photoelectron spectroscopy (XPS) can measure SWCNT surface 
composition by determining the binding energy of photoelectrons ejected when SWCNTs 
are irradiated with X-rays. The surface sensitivity of XPS is derived from the small (<10 
nm) inelastic mean free path of the ejected photoelectrons. This allows the elemental 
composition (except for hydrogen) of the near surface region to be quantified. One 
limitation of XPS is that it requires a relatively large amount of sample (∼5 mg) because 
of the comparatively large analysis area required (∼10 μm diameter), even for state of the 
art XP spectrometers. In addition to compositional analysis, XPS can also provide 
information on the chemical environment of surface species (e.g., oxidized vs. pristine 
carbon) based on the peak-fitting of the photoelectron spectral envelopes [97]. This 
capability stems from the fact that, although a photoelectron’s binding energy (BE) is 
largely determined by the element from which it originates, BEs are also influenced by 
the local chemical environment surrounding the photoelectron emitting atom  [97].  
FTIR spectroscopy can identify organic functional groups on a SWCNT’s surface 
by measuring characteristic vibrational modes. However, FTIR does not provide a 
quantitative measure of functional group concentrations, and peaks are often hard to 
distinguish from background features. Furthermore, studies in the literature have shown 
that FTIR spectroscopy lacks the sensitivity to detect some functional groups whose 
presence can be identified by other analytical techniques such as XPS or Raman [97].  
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Following this discussion on the different analytical techniques to characterize 
SWCNTs, and their surface from the literature, it is clear that a single method of 
characterization cannot produce a precise and comprehensive evaluation of SWCNTs 
purity and structure. Consequently, an integrated method remains the best procedure by 
which the type, amount, and morphology of SWCNT-containing materials can be 
accurately and precisely evaluated [98]. A combination of different assessment 
techniques available at our disposal were used in this study for SWCNTs characterization 
in order to have a full understanding of the morphology (n,m) species of SWCNTs 
samples produced and the functionalities present on the SWCNTs surface. 
 
2.8 Catalysis by carbon materials 
Carbon materials can be used as catalyst supports or as catalysts on their own for 
various heterogeneous processes [99,100]. The first of these applications has been widely 
studied, as many carbon-supported catalysts are commercially available, especially in the 
field of fine chemicals production [99,100]. Extensive reviews on this subject can also be 
found in the literature [101-105].  To a lesser extent a number of applications of carbon 
as a catalyst (not only as catalyst support), both in the liquid and in the gas phase, have 
also been reported [105]. Carbon as a catalytic material has significant advantages over 
the traditional metal-supported systems, owing to the unique controllability of both its 
surface chemistry and π electron density through surface functionalization [102,106,107]. 
Thus, the nature and concentration of surface functional groups on these carbon materials 
can be modified by appropriate thermal or chemical post-treatments such as oxidation in 
the gas or liquid phase. Methods have therefore being used to increase or decrease the 
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concentration of surface oxygen groups and other heteroatoms in the carbon surface, and 
thus the material’s catalytic properties [108-110]. Previous work has established a link 
between the carbon species catalytic activity for a particular reaction with the physical 
properties of the material (surface area, porosity). Such links, however, provide only a 
partial view about the activity of the catalyst; because, catalytic activity is also 
determined by the nature, concentration and accessibility of its active sites, and only 
under very specific conditions these are directly correlated to the material’s surface area 
or porosity [111].  Nevertheless, useful correlations have been obtained in several cases, 
especially when a series of catalysts of different surface areas have been prepared from 
the same precursor material (thus ensuring that the intrinsic site activity is the same for 
each catalyst). 
The role of surface chemistry on the catalytic properties of carbon materials has 
long been investigated [112,113] as well. Oxygen functional groups, which can be 
incorporated into the carbon materials by a variety of methods, play an important role in 
this context. Relevant conclusions regarding the role of surface chemistry in carbon 
catalysis have been obtained by studying a series of catalysts prepared from the same 
carbon precursor with similar textural properties and different amounts of surface groups 
used to catalyze the same reaction. It is then possible to correlate catalytic properties with 
the surface chemistry of the carbons. This approach has become possible because several 
methods now exist for the identification and quantification of the various types of 
functional groups present on the surface of catalytic carbon materials [114].  
This methodology has been used with success in a number of cases, such as the 
oxidative dehydrogenation of hydrocarbons and ethylbenzene, dehydration of alcohols, 
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SO2 oxidation, NOx reduction, and various liquid phase processes for the oxidation of 
organic contaminants. This is of relevance as it provides an insight on protocols for 
specific functional groups attachment and the suitable methods of doing so without 
compromising the structural integrity of the carbon material. Table 2.2 gives an overview 
of the reactions that are catalyzed by carbon, together with the type of surface chemistry 
required or the nature of active sites that have been deemed active for these specific 
transformations. Decomposition of alcohols over carbon catalysts will be discussed here 
in detail, with particular emphasis on those cases where the active sites that have a strong 
link with product selectivity has been properly identified. Tables 2.3 show alcohol 
decomposition on different types of carbonaceous materials used as the active catalyst, 
though this list is not exhaustive. 
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Table 2.2. Overview of the various reactions that can be catalyzed by carbon, together 
with the type of surface chemistry required or the nature of the active sites, adapted from 
[111]. 
 
Reactions                                                             Surface chemistry/active sites 
Gas phase 
Oxidative dehydrogenation of alkanes Quinones 
Dehydration of alcohols Carboxylic acid 
Dehydrogenation of alcohols Lewis acid and basic sites 
NO oxidation Basic sites 
SO2 oxidation Basic sites, pyridinic-N6 
H2S oxidation Basic sites 
Dehydrohalogenation Pyridinic nitrogen sites 
NOx reduction (SCR with NH3) Acid sites, basic sites 
Liquid phase 
Hydrogen peroxide reactions Basic sites 
Catalytic ozonation Basic sites 
Catalytic wet air oxidation Basic sites 
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Table 2.3. Alcohol decomposition on different carbon materials compiled from the 
literature. 
 
Alcohol name 
Carbon 
type 
 
Pretreatment method 
 
Reference 
Ethanol/methanol/propanol CMS Air [115] 
Butan-2-ol AC HNO3 [116] 
Propan-2-ol AC HNO3 [117] 
Ethanol AC HNO3 [118] 
Ethanol AC (NH)2S2O8 [119] 
Methanol AC H2O2, (NH)2S2O8, HNO3 [120] 
Methanol AC H2O2, (NH)2S2O8, HNO3 [121] 
Propan-2-ol AC O2 [122] 
tert-Butanol AC HNO3 [123] 
Isopropanol AC HNO3, H2SO4,  Air, PAA, 
NH3, Cl2 
[124] 
Ethanol GNF N2/O2 [125] 
Methanol/ethanol AC HNO3, H2SO4,  Air, PAA, 
NH3, Cl2 
[126] 
Isopropanol GNF HNO3, H3PO4, KMnO4, 
RuO4 
[127] 
 
AC: Activated carbon, CMS: Carbon molecular sieves, GNF: Graphite nanofiber, PAA: 
Peroxyacetic acid. 
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2.8.1 Decomposition of alcohols on carbon catalysts 
 The conversion of alcohols over carbon catalysts has been the subject of several 
studies [115-127]. In general, both dehydration and dehydrogenation products are formed 
simultaneously. It has been reported that alcohol dehydration is controlled not only by the 
number and strength of the carboxylic acid groups present on the carbon surface, but also 
by their accessibility [119,123]. Specifically, the dehydration of methanol to dimethyl 
ether using oxidized activated carbons as catalysts has been reported [121]. By 
pretreating the catalyst at different temperatures, in order to decompose different surface 
groups, the authors confirmed that the dehydration activity was due to carboxylic acid 
groups strongly attached to the carbon surface. For the case of secondary alcohols, the 
dehydration activity has been found to also result from the presence of carboxyl groups, 
while dehydrogenation seems to depend on the simultaneous presence of Lewis acid and 
basic sites [117]. The treatment of activated carbon with nitric acid, enhances both 
dehydration and dehydrogenation activity, though dehydration was found to occur only 
on the outer surface, whereas dehydrogenation could also take place within the pores of 
the carbon material [117]. Another study using a carbon catalyst oxidized with nitric acid 
and heated subsequently at different temperatures in the range of 423 to 573 K, showed 
also that dehydration is controlled not only by the number of acid groups, but also by 
their accessibility [123]. Similarly, the dehydration of ethanol was found to be catalyzed 
by the carboxylic groups located on the external surface of the carbon particles, the 
reaction rate increasing with the total carbon surface acidity [119]. The dehydration of 
methanol to dimethyl ether has also been studied using activated carbon catalysts 
oxidized with different chemicals [H2O2, (NH4)2S2O8, and HNO3]. The highest activity 
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was obtained with the catalyst possessing the strongest acid sites [121]. By treating the 
catalyst at increasing temperatures to decompose the most unstable surface groups, these 
authors also confirmed that dehydration activity was due to the carboxyl acid groups. 
Thus, the dehydration activity of the carbon catalyst was correlated with the 
concentration of the strongest acid groups, located on the external surface of the carbon 
particles. The oxidative treatments of the carbon catalyst were found to increase both the 
dehydration activity and selectivity.  
 
2.8.2 Ethanol decomposition over carbon catalysts 
A large number of catalytic systems have been studied for ethanol decomposition. 
These include catalysts based on metal oxides [128-131], zeolites [132-134] and metals 
or metal oxides supported on carbonaceous materials [135-137]. There is however only a 
few reports on the decomposition of ethanol over activated carbon or other carbon 
materials used as a catalyst on their own (Table 2.3). Szymański et al. [118] carried 
ethanol decomposition experiments over different carbon catalysts obtained from 
poly(furfuryl alcohol). Apart from the fundamental products of ethanol decomposition 
(ethylene, diethyl ether and acetaldehyde) they also obtained 1,1-diethoxyethane. The 
same authors proved that those samples oxidized with concentrated nitric acid showed 
greater activity and selectivity towards dehydration, than those doped with nickel, which 
resulted in the appearance of new centers active in dehydrogenation. According to these 
authors, dehydrogenation occurred with simultaneous participation of Lewis acid and 
base sites. Catalytic activity increased with increasing temperature of the process, but for 
temperatures higher than 320 ºC, a drop in the catalytic activity caused by thermal 
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decomposition of surface oxygen groups was observed. Grunewald and Drago [115] who 
investigated the behavior of carbon molecular sieves in ethanol decomposition noted that 
when this process was conducted exclusively in inert gas atmosphere the catalytic activity 
decreased, and the main reaction product observed was ethylene. The catalyst activity 
was recovered when a mixture of the carrier gas and air was used; then the dominant 
products observed were ethyl acetate and acetaldehyde. The dehydrogenation of ethanol 
was established to take place on Lewis acid sites; their activity decreased with time at the 
inert gas flow through the catalyst bed. The other major product observed (ethyl acetate) 
was attributed to a secondary condensation reaction. Ethanol decomposition has also been 
studied by the research group of Carrasco-Marín [119]. They studied the effect of active 
carbon oxidation with (NH4)2S2O8 on their activity and selectivity in ethanol 
decomposition. As follows from their results, the activated but unoxidized carbon 
exclusively catalyzes the ethanol dehydrogenation reaction whose main product is 
acetaldehyde. Dehydrogenation taking place on both acidic and basic centers. When 
oxidized activated carbons are used, alcohol decomposition results in its dehydration and 
dehydrogenation. The dehydration process increases with an increased total acidity of the 
carbon surface and takes place mainly at Brönsted sites. The main product of this reaction 
is diethyl ether which easily converts to ethylene.  
As follows from the survey of literature, reactions of ethanol decomposition can 
be a source of information on the chemical nature of the carbon surface. Moreover, to the 
best of our knowledge, these reactions have not been performed over surface-modified 
SWCNTs. It is a main objective of this thesis to establish the effect of the SWCNTs 
modification (liquid or gas phase oxidation treatment) on its catalytic properties in 
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ethanol decomposition. The active sites identified in the literature responsible for ethanol 
decomposition over different carbonaceous materials thus, provides valuable information 
on the nature of the active centers that are responsible for product selectivity in the course 
of ethanol decomposition. 
 
2.9 Conclusions 
In this chapter, we have briefly discussed the morphology of SWCNTs and some 
of the synthesis methods that already exist for their production. The catalytic chemical 
vapor deposition (CCVD) method is identified as the most advantageous method for 
SWCNTs synthesis from an engineering point of view. The influence of both the catalytic 
system and operating conditions were discussed and provided a platform for the selection 
of catalyst, catalyst support and operating conditions for this study. Some important 
techniques for catalyst and SWCNTs characterization were discussed. In this study, some 
of these techniques available at our disposal are employed to examine the catalysts and 
the synthesized SWCNTs. We then proceeded to discuss catalysis by carbon materials 
and highlighted cases in the literature where some of the carbonaceous materials were 
used in the decomposition of alcohols with special emphasis on ethanol decomposition. 
These published results discussed herewith thus will help to guide the explanation of 
some of the experimental results presented in the subsequent chapters of this thesis. 
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CHAPTER 3 
EXPERIMENTAL METHODOLOGY 
 
3.1 Introduction 
 This chapter discusses the experimental procedures used for the preparation of 
catalysts for SWCNTs synthesis, the growth of SWCNTs and the physiochemical 
characterization of both catalyst and obtained SWCNT materials. It comprises of three 
main sections: (i) catalyst preparation and characterization, (ii) SWCNTs synthesis and 
purification and (iii) carbon materials characterization. Specifically section, 3.2 presents a 
detailed description of the catalysts preparation procedure and the experimental details of 
the techniques used to characterize the catalysts are described in section 3.3. Sections 3.4 
and 3.5 describe in detail the synthesis of SWCNTs and their purification protocols. 
Finally section 3.6 describes all techniques used to characterize the carbon materials 
obtained.  
 
3.2 Catalyst preparation 
 Magnesium oxide supported iron and cobalt catalysts were prepared by wet 
impregnation. The MgO support BET surface area (698m
2
/g) was obtained from 
NanoScale Corporation Manhattan, USA. The iron and cobalt precursor salts 
Fe(NO3)3.9H2O and Co(NO3)2.6H2O crystals (≥ 98 % purity, Sigma-Aldrich) were used 
as received. The amount of the metal salt required to achieve a specific metal loading (wt. 
%) is calculated by the formula: 
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Where: 
)(saltm        Represent the weight of iron or cobalt salt  
(%)metal
y    Represent the percentage loading of iron or cobalt 
)(. saltwt
M    Represent the molecular weight of iron or cobalt salt 
)(MgOm        
Represent the weight of MgO support  
)(. metalwt
M   Represent the molecular weight of iron or cobalt 
(%)salt
p        Represent the percentage purity of iron or cobalt salt (98 %) 
 
Nanoactive magnesium oxide plus (698 m
2
/g BET) from NanoScale Corporation 
Manhattan, USA and 2-propanol (EMD chemicals) were used as received for catalyst 
synthesis. The amount of metal required to achieve a specific weight loading of the metal 
was weighed and dissolved in 80 mL, 2-propanol in a 500 mL round bottomed flask.  
Then 5.0 g of MgO was added to this solution and the resulting slurry stirred for twelve 
hours. The slurry was then partially dried using a rotary evaporator to remove the 2-
propanol. The resulting solid material was then grounded in a mortar and spread in 
crucibles and heated to dry in a convection oven at 120 °C for 12 hours. The dried 
catalyst was calcined at 500 °C in air (compressed air, ultra high purity (UHP) Praxair 
Inc.) at a flow rate of 100 mL/min for 4 hours. For this purpose the temperature of the 
furnace was increased linearly from ambient temperature at a rate of 8 °C/min to 500 °C 
and then held at that temperature for 3 hours. The catalyst was then cooled to ambient 
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temperature in the same flow of dry air and stored in a desiccator for further use. Tables 
3.1 and 3.2 show the iron and cobalt catalytic formulations that were tested in this study, 
while Table 3.3 shows the loading of individual metal, and the molar ratio of the 
bimetallic catalytic formulations.  
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Table 3.1. Iron catalytic formulations, catalyst pretreatment and operating conditions for SWCNTs synthesis. 
 
Catalyst 
Catalyst 
loading 
(Wt. %) 
Catalyst 
weight 
(g) 
Calcination 
Temp. (ºC) 
Reduction 
Temp.(ºC) 
Synthesis 
Temp.(ºC) 
Synthesis 
Time (min) 
CH4 flow 
(Vol %) 
H2 flow 
(Vol %) 
He flow 
(Vol %) 
Fe-MgO 0.45 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 0.60 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 1.50 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 2.00 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 2.50 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 3.00 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 3.50 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 4.00 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-MgO 5.00 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-Mo-MgO 0.70 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-Mo-MgO 1.10 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-Mo-MgO 1.63 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-Mo-MgO 2.50 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-Mo-MgO 3.50 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
Fe-Mo-MgO 6.50 0.1-1.0 300-600 350-600 750-950 10-60 10-50 0-10 50-90 
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Table 3.2. Cobalt catalytic formulations, catalyst pretreatment and operating conditions for SWCNTs synthesis. 
 
Catalyst 
Catalyst 
loading 
(Wt. %) 
Catalyst 
weight 
(g) 
Calcination 
Temp. (ºC) 
Reduction 
Temp.(ºC) 
Synthesis 
Temp.(ºC) 
Synthesis 
Time (min) 
CH4 flow 
(Vol %) 
H2 flow 
(Vol %) 
He flow 
(Vol %) 
Co-MgO 0.60 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-MgO 1.20 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-MgO 2.00 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-MgO 3.00 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-MgO 4.00 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 0.93 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 1.58 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 2.56 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 6.93 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 2.20 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 2.35 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 2.50 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 3.00 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 4.00 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
Co-Mo-MgO 7.75 0.1-1.0 300-600 400- 800 750-950 10-60 10-50 0-10 50-90 
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Table 3.3. Individual, total metal loading and the molar ratio of bimetallic catalysts tested 
for SWCNTs synthesis. 
 
Catalyst 
Total metal 
loading (wt. %) 
Fe loading 
(wt. %) 
Mo loading 
(wt. %) 
 
Fe:Mo molar ratio 
Fe-Mo-MgO 0.70 0.60 0.10 10:1 
Fe-Mo-MgO 1.10 0.60 0.50 2:1 
Fe-Mo-MgO 1.63 0.60 1.03 1:1 
Fe-Mo-MgO 2.50 2.00 0.50 3:1 
Fe-Mo-MgO 3.50 2.00 1.50 1:1 
Fe-Mo-MgO 6.50 2.00 4.50 1:3 
 
Catalyst 
Total metal 
loading (wt. %) 
Co loading 
(wt. %) 
Mo Loading 
(wt. %) 
 
Co:Mo molar ratio 
Co-Mo-MgO 0.93 0.60 0.33 3:1 
Co-Mo-MgO 1.58 0.60 0.98 1:1 
Co-Mo-MgO 2.56 0.60 1.96 1:2 
Co-Mo-MgO 6.93 1.18 5.75 1:3 
Co-Mo-MgO 2.20 2.00 0.20 5:1 
Co-Mo-MgO 2.35 2.00 0.35 3:1 
Co-Mo-MgO 2.50 2.00 0.50 2:1 
Co-Mo-MgO 3.00 2.00 1.00 1:1 
Co-Mo-MgO 4.00 2.00 2.00 1:2 
Co-Mo-MgO 7.75 2.00 5.75 1:5 
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3.3 Catalyst characterization 
The surface area, pore size and pore size distribution of porous materials can be 
determined from adsorption/desorption isotherms using a suitable assessment technique. 
The pore size can be measured using gas sorption in the range of a few Angstroms up to 
about half a micron. The Brunauer-Emmett-Teller (BET) method is the most common 
procedure for the determination of the specific surface area, pore size and distribution, 
and was used in this study. The specific surface area, average pore diameter and pore 
volume of the calcined and reduced catalyst samples were determined in a BET 
Micromeritics ASAP 2010 analyzer.  Nitrogen adsorption-desorption was conducted at -
196 ºC. Prior to analysis samples were oven dried at 120 °C for 12 hours.  For each 
experiment, 0.1 to 0.2 g of the sample was degassed at 300 ºC for 2.5 hours under 
vacuum in the degassing chamber of the instrument before analysis. The adsorption 
isotherms were measured in 10
-6
 to 1 relative pressure intervals. The total pore volume 
was calculated from the quantity adsorbed in the relative pressure range. The average 
pore diameter was determined by assuming cylindrical pore geometry. 
To identify the crystalline phases present in the calcined, reduced and spent 
catalysts used for this work, the materials were analyzed by powder XRD. Powder X-ray 
diffraction (XRD) patterns for calcined and reduced catalysts were recorded on a Rigaku 
Multiflex X-ray diffractometer, using Cu-Kα monochromatic radiation (1.5406 Å) from a 
long fine-focus Cu tube operating at 30 kV and 15 mA.  Between 5 to 80° the intensity 
data were collected at a scanning speed of 2° min
-1
. The XRD patterns were identified by 
comparison with the reference data from the powder diffraction files (ICDD) data base.  
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Temperature-programmed reduction (TPR) experiments were performed using a 
linear temperature ramp and a stand-alone thermal conductivity detector (TCD, SRI 
Instruments Model 110). Experiments were carried out by heating the sample catalyst 
using a linear temperature ramp in a flow of hydrogen while monitoring the hydrogen 
consumption, in this way; fingerprint profiles are obtained which provide information on 
the reducibility of the catalyst. [138]. Furthermore, the amount of reducible species in the 
catalyst, their degree of reduction and the temperatures at which they reduced completely 
can be obtained from the hydrogen consumption profile. TPR experiments were 
performed from room temperature to 900 ºC using a linear temperature ramp. About 40 
mg of the calcined catalyst were placed on a quartz frit and held in the middle of the 
quartz glass reactor (0.635 cm inner diameter, 33 cm long) and placed in a furnace heated 
to 900 °C from ambient temperature at a heating rate of 10 °C/min in a mixture of 5 % 
hydrogen and 95 % argon at a total flow rate of 10 mL/min.  A silica gel water trap was 
used to remove moisture formed during reduction by passing the effluent from the reactor 
through it before it reached the detector. Hydrogen consumption with respect to 
temperature was recorded in a TCD connected to a data-acquisition computer.  
The XPS of the calcined catalyst was obtained in a Kratos Axis Ultra 
spectrometer using a monochromatic Al Kα source (15mA, 14kV). The instrument work 
function was calibrated to a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for 
metallic gold, and the spectrometer dispersion was adjusted to a BE of 932.62 eV for the 
Cu 2p3/2 line of metallic copper. Instrument base pressure was 8×10
-10
 Torr. The Kratos 
charge neutralizer system was used for all analyses with charge neutralization being 
monitored using the C 1s signal for adventitious carbon. Survey scan analyses were 
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carried out with an analysis area of 300 µm x 700 µm and pass energy of 160 eV. High 
resolution analyses were carried out with an analysis area of 300 µm x 700 µm and pass 
energy of either 10 eV or 20 eV. These pass energies correspond to an Ag 3d5/2 full width 
peak at half maximum (FWHM) of 0.47 eV and 0.55 eV respectively. All spectra were 
calibrated using the adventitious C 1s peak fixed to a value of 284.8 eV. After calibration, 
the background from each spectrum was subtracted using a Shirley-type curve to remove 
most of the extrinsic loss structure. Spectra were analyzed using CasaXPS software 
(version 2.3.14) with a Gaussian-Lorentzian mix function. For analysis of the high-
resolution Fe2p spectra, two Shirley backgrounds were used one each for the 2p1/2 and 
2p3/2 envelopes. The peak fitting routine used for the analysis of the high resolution Fe2p 
spectra in this work have been described previously [139,140].
 
The nature of supported iron and cobalt species and the qualitative deductions of 
their dispersion were obtained from UV-Vis diffuse reflectance spectroscopy (UV-Vis-
DRS). UV-Vis-DRS was used to study the state of both Fe and Co in the oxidic form, 
after calcination of the catalysts in air. UV-Vis-DRS analysis were performed on the 
calcined fine powders of the Fe-MgO catalyst samples using a Shimadzu 3600 UV-Vis-
NIR spectrophotometer  equipped  with a Harrick Praying Mantis diffuse reflection 
accessory. MgO was used as a reference material. Spectra were measured in reflectance 
mode, in the 800-190 nm range, and converted to pseudo-absorption using the Kubelka-
Munk transform [141]. 
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3.4 Synthesis of single-wall carbon nanotubes 
SWCNT growth was conducted in a continuous-flow fixed-bed quartz glass 
reactor, (2.05 cm outer diameter, 2.02 cm inner diameter and 61 cm length) mounted 
vertically within a temperature-programmable furnace at atmospheric pressure. All gases 
used were of ultra-high purity grade supplied by Praxair Inc. In a typical experiment, 1 g 
catalyst material was placed on the quartz frit in the middle of the quartz glass reactor. 
The temperature of the furnace was linearly increased from ambient temperature at a rate 
of 10 °C/min to 450 °C for the iron catalyst, and 600 ºC for cobalt catalyst, while the 
catalyst was heated under helium flow, 250 mL/min flow rate. The gas flow direction 
through the reactor was vertically downward and was regulated through precalibrated 
mass flow controllers with digital read-out units (MKS Instruments).  The gas flow was 
then switched to hydrogen (100 mL/min) and the catalyst reduced in hydrogen for 35 
minutes for iron catalyst and 45 minutes for cobalt catalyst. After the catalyst had been 
reduced, the flow was switched back to helium (250 mL/min), and the furnace 
temperature linearly increased at a rate of 10 °C/min to the synthesis temperature (800, 
850 and 900 °C), while the catalyst remained under helium flow. At the synthesis 
temperature, methane gas (167 mL/min) was delivered to the reactor and the synthesis 
conducted in a 60/40, v/v mixture of helium/methane for 30 minutes. At the end of the 
reaction, methane gas was turned off, and the reactor cooled to ambient temperature in 
helium gas flow. Shown in Figure 3.1 is the schematic diagram of synthesis setup used 
for SWCNT growth.  
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Figure 3.1. Schematic diagram of the catalytic chemical vapor deposition set up for 
SWCNT growth.  
                                                                                     
3.5 SWCNTs purification 
In order to remove the MgO support and metal catalyst, 1 g of the as-synthesized 
material was soaked in 300 mL, 2N HCl for 2 days at room temperature (no agitation). 
After 2 days, the top clear greenish-yellow solution obtained was decanted, and the black 
solid SWCNT material, rinsed many times with deionized water to pH of 6-7. The black 
solution was then dried in a convection oven at 120 °C. The SWCNT material was 
subjected to air oxidation, (30 mL/min flow rate at 300 °C) for 3 hours to remove 
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amorphous carbon followed by soaking in 200 mL, 2N HCl for two days for additional 
removal of remaining encapsulated Fe metal. The SWCNT material was then rinsed 
several times with distilled water, until a neutral pH achieved and then dried in a 
convection oven for 3 hours at 120 °C. 
 
3.6 Carbon materials characterization 
High resolution TEM images of as-synthesized and purified products were 
obtained, using a JEOL 2010F FEG HRTEM/STEM equipped with a Gatan UltraScan 
and Roper Dual View Camera. Specimens for imaging were prepared by bath sonicating 
approximately 3 mg of each sample in 10 mL methanol for 15 minutes. A few drops of 
the suspension were placed on a Holey carbon TEM grid and left to dry before analysis. 
The TEM was operated at beam energy of 200 kV.  
Raman spectra of both as-synthesized and purified SWCNTs were obtained on a 
Renishaw Model 2000 Raman Spectrometer. The spectra were obtained using a 633 nm 
excitation laser wavelength (He-Ne) in the range of 120 cm
-1
 to 2000 cm
-1
 in micro 
mode; the acquisition time was 20s at a 2 mW laser power for each spectra. Five scans 
were taken at different points of every sample and the average used as the representative 
spectra. 
 Temperature programmed oxidation (TPO) was used to probe the catalyst activity 
and selectivity after SWCNT growth. TPO was thus used to determine both the yield of 
carbon and the quantity of SWCNT material present with respect to other synthesis by-
products. Here, we define the yield of carbon as percent weight of carbon deposited per 
total weight of catalyst and selectivity as the percentage of carbon materials formed that 
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is in the form of SWCNTs calculated from the peak area under the TPO curve [65]. 
About 15.0 mg and 3.0 mg of the raw and purified products were used respectively for 
every TPO experiment. These were carried out in a flow of 10 mL/min 5 % O2 in helium 
gas mixture. The temperature of the furnace was linearly increased from ambient 
temperature to 850 °C at a heating rate of 10 °C/min. The CO and CO2 formed during 
combustion were quantitatively converted to methane in a methanator using hydrogen 
current over a 20 wt. % Ni-Al2O3 catalyst at 400 °C. The evolution of methane was 
monitored by a flame ionization detector (FID) (SRI Instruments Model 110 Stand-alone) 
calibrated using 10-500 µL pulses of CO2 and by combustion of a known amount of 
graphite powder (< 45 µm, > 99.99 % purity, Sigma-Aldrich). Quantitatively, the 
evolution of methane produced in the methanator corresponds to that of CO2 formed by 
the oxidation of carbonaceous materials. 
 Further investigation on the diameter distribution and chirality assessment of 
SWCNTs was carried out by UV-Vis-NIR spectroscopic analysis after suspending the 
SWCNT materials in a cholate surfactant solution. Optical absorption analysis was 
carried out in a Shimadzu UV-VIS-NIR 3600 spectrophotometer. Spectral data were 
recorded in the range of 400-1400 nm in absorbance mode. The purified SWCNTs 
suspensions were obtained by dispersing the purified SWCNTs in 2 wt. % sodium 
deoxycholate (≥ 97 % purity, Sigma-Aldrich) solution, at SWCNTs concentration of 1.0 
mg/mL. Before analysis, the suspension was sonicated in an ice bath for 1 hour in pulse 
mode at 35 % duty cycle and output control of 3.5 in a Branson Sonifier 250. After 
sonication, 6 mL of the suspension was transferred into each of 4, 10 mL centrifuge tubes 
and centrifuged in a SORVALL WX 80 Ultra centrifuge at a speed of 50000 (rpm) for 1 
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hour. After centrifugation, the upper supernatant solution was decanted, filtered and used 
for spectroscopic analysis. 
Energy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron 
spectroscopy (XPS) were used to verify the relative ratio of iron to carbon and other 
impurities in the as-produced and purified SWCNT samples. The sample for EDX was 
placed on conductive double-faced tape and then placed in a Hitachi S-2600 scanning 
electron microscope with an EDAX energy-dispersive spectrometer. XPS analysis of the 
purified SWCNT material was also conducted following the procedure described 
previously.    
 The specific surface area, average pore diameter and pore volume of the purified 
SWCNT material were also determined in a BET Micromeritics ASAP 2010 analyzer, 
following the methodology previously described.   
 
3.7 Determination of optimum catalyst loading, pretreatment 
and operating conditions for SWCNTs synthesis 
The decomposition of methane for selective synthesis of SWCNTs depends on 
many factors such as; the catalyst and the loading, dispersion and stabilization of the 
active catalytic species, catalyst pretreatment conditions (calcination temperature and 
time, catalyst reduction temperature and time in hydrogen), operating conditions 
(synthesis temperature, synthesis time, methane flow rate, diluent flow rate, the weight of 
catalyst used, etc.). In this study, the optimum catalyst loadings and operating conditions 
were determined by testing different monometallic loadings of iron and cobalt 
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formulations, and bimetallic (iron-molybdenum and cobalt-molybdenum) formulations, 
to decompose methane to grow SWCNTs. These catalysts were characterized by XRD, 
nitrogen physisorption, UV-Vis-DRS, TEM and XPS. The characterization of the 
resulting carbon deposits in parallel, helped to guide the adjustment of the next 
formulation of catalysts, catalyst pretreatment conditions and operating conditions. The 
detailed characterization of the carbon deposit for each catalytic formulation by these 
methods then offered reliable and systematic insight on the morphology/structure of the 
nanotubes, diameter and chirality distribution, carbon yield and SWCNT selectivity. This 
way, the results obtained on carbon deposit characterization and observations on the 
characterized catalyst before SWCNT synthesis then gives useful information on the 
physicochemical characteristics of the catalyst and the role of the catalytic species in the 
selective growth of SWCNTs.  
Catalyst pretreatment conditions can influence the performance of the catalyst by 
primarily affecting the dispersion and amount of the active metallic species for methane 
decomposition. The calcination step helps to change the precursor material to metal 
oxide. After calcination, the reduction step in hydrogen is required to transform metal 
oxide to the active metal phase. Catalyst calcination or reduction in hydrogen above the 
optimum temperature and time can also affect the catalyst morphology, dispersion of the 
active catalytic species which can lead to sintering, whereas, calcination and reduction of 
the catalyst at temperatures and time lower than the optimum may not activate the 
catalyst completely.  The optimum temperature and time of catalysts calcination and 
reduction in hydrogen was based on information obtained by characterization using XRD, 
BET, UV-Vis-DRS and TPR. These optimum pretreatment conditions were established 
61 
 
 
 
by comparison of the characterization results of the obtained carbon deposits on the same 
catalyst pretreated at different pretreatment conditions. While the optimum synthesis 
temperature and time, was determined by comparison of carbon yield and SWCNT 
selectivity of obtained carbon deposits on the same catalyst for fixed different synthesis 
temperature and varying synthesis time from 10-60 minutes. 
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CHAPTER 4 
RELATIONSHIP BETWEEN CATALYST MORPHOLOGY AND 
ACTIVITY FOR THE SELECTIVE GROWTH OF SWCNTs BY 
CHEMICAL VAPOR DEPOSITION OF METHANE 
 
4.1 Introduction 
Transition metal nanoparticles, typically iron, nickel, and cobalt have proven to be 
the most efficient catalysts for CNT synthesis [11,30,52,57,72,76,142]. The size, the 
chemical state, as well as the geometry of the catalyst particles responsible for CNT 
growth depend on many factors, such as the presence and nature of a support, the reaction 
temperature, the system pressure, the reactivity of the gaseous carbon precursor and the 
presence of other gases (O2, NH3, CO2, H2O vapor  in the feed) [11,30,52,57,72,76,142]. 
Consequently, the properties of the CNTs material obtained such as number of walls, 
their quality (presence of defects), their homogeneity as well as the process yield and 
selectivity are the result of this complex interplay of parameters [11,30,52,57,72,76,142].   
One key aspect in controlled fabrication of SWCNTs is the generation of small 
metal nanoparticles with a narrow size distribution which act as catalyst for SWCNT 
growth. Indeed, the diameter of the nanoparticle determines the diameter of the 
corresponding SWCNT. Thus, it is possible to narrow the diameter and chirality 
distribution of SWCNTs by fine tuning the catalyst particle size. However, supported 
catalysts used for growing SWCNTs generally suffer from sintering, which leads to a 
broader particle size distribution resulting in a loss of selectivity [76]. One way to 
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minimize their sintering is to use of bimetallic catalysts. Bimetallic catalysts can be stable 
even at high temperatures; keeping the active metal for SWCNT growth atomically 
dispersed within the support matrix during SWCNT nucleation and growth. These 
bimetallic catalysts are promising materials for controlled large scale SWCNT synthesis 
[30,52,57,142]. Furthermore, there are many parameters that can be adjusted during 
catalyst fabrication (for instance, nature and loading of the catalyst precursor and catalyst 
synthesis temperature. These parameters can affect the dispersion of the active phase, its 
reducibility, its particle size and density as well as other physicochemical parameters. 
Another approach to optimize the catalytic performance is to work on the reaction 
conditions (temperature, pressure, feed rate, synthesis time, etc.). For instance, it has been 
shown that cofeeding of small amounts of an oxidant (O2, CO2, and H2O vapor) or 
hydrogen during SWCNT growth significantly increases the lifetime of the catalysts.  
 While the use of bimetallic catalysts and addition of gas diluents such H2, O2, CO2 
or H2O vapor, help to improve the quality and yield of SWCNTs, there are also problems 
associated with this approach. These include considerable time and effort spent to 
determine the optimal ratio between the components of the bimetallic catalysts, the 
adequate carbon source gas and diluents and the operating conditions of synthesis 
necessary to achieve acceptable yields and selectivity. Moreover, the purification 
procedures needed to remove the supports and metals catalyst used can becomes lengthy 
and usually require the use of harsh chemicals, particularly for the case of bimetallic 
formulations, which may lead to structural changes in the SWCNTs. 
 This chapter describes a progression of experiments aimed at the preferential 
growth of SWCNTs on a monometallic catalytic system (Fe-MgO catalyst) with specific 
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emphasis on developing a high performance catalytic system with high selectivity 
towards SWCNTs, together with a purification procedure that is simple, fast and mild, 
able to remove the metal catalyst to achieve a final SWCNT material with purity above 
99%. Different formulations of catalyst were explored, together with different catalyst 
pretreating conditions. Several operating conditions for SWCNTs growth were also 
explored in the initial trials, but only the optimal operating conditions (temperature, 
synthesis time and methane flow rates) are reported in this and subsequent chapters. The 
results obtained on catalyst and carbon materials characterization provide a rationale for 
the observed catalyst performance. The findings reported in this chapter are the result of 
extensive work on catalyst development and characterization, and carbon materials 
characterization which provide a link between catalyst performance, operating conditions 
and selectivity towards SWCNTs.  
 
4.2 Experimental section 
4.2.1 Catalyst preparation and characterization 
A series of monometallic iron catalysts supported on MgO ranging from 0.6 to 5.0 
wt. % Fe were prepared by wetness impregnation using 2-propanol as the impregnating 
solvent. The full details of catalyst preparation procedure and characterization techniques 
used are described in Chapter 3.    
4.2.2 SWCNTs synthesis and purification 
The synthesis of SWCNTs was performed at atmospheric pressure in a fixed bed 
reactor following the experimental procedure described in Chapter 3. Purification 
protocols for SWCNTs purification are fully described in Chapter 3 as well.    
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4.2.3 SWCNTs characterization  
SWCNTs characterization was conducted using HRTEM, Raman spectroscopy, 
TPO and optical absorption spectroscopy. The protocols for these analyses have been 
described earlier in Chapter 3.   
 
4.3 Results 
4.3.1 Catalyst characterization   
The surface area (BET), average pore size (DP), crystal size and pore volume (VP) 
of the as-purchased MgO support, were 698 m
2
/g, 3 nm, 4 nm and 0.4 cm
3
/g respectively 
(Table 4.1). After loading the MgO with 0.6 and 5 wt. % iron and subsequent calcination 
at 500 °C for 4 hours, the BET surface areas of these catalytic formulations dropped to 
142 and 82 m
2
/g respectively. The loss in surface area can be attributed to the thermal 
decomposition of the iron nitrate and magnesium hydroxide species, formed during 
catalysts preparation [143]. During air calcination, the iron nitrate salt impregnated on 
MgO thermally decomposes at about 125 °C, while the surface Mg(OH)2  decomposes 
around 300-650 °C [143] and further calcination at higher temperature eventually leads to 
the disappearance of the Mg(OH)2 phase [143]. As shown in Table 4.1, DP values of the 
catalysts increased after iron loading, compared to the DP value of the support (MgO). 
This is as a result of metal species aggregation over the MgO surface. On the other hand, 
the BET results showed little change in pore diameter (DP) between the two catalytic 
formulations. For the 0.6 wt. % Fe catalyst, there was an observed small increase of the 
pore volume in comparison to the pristine support. This indicates that the added iron 
species did not totally saturate the MgO surface, although the surface area loss observed 
66 
 
 
 
for the two catalyst formulations were significant. On the other hand, compared to the 0.6 
wt. % Fe catalyst, the 5 wt. % Fe catalyst had a decrease in pore volume (Vp), which 
indicates that the metal particles occupied most of the free space over the MgO surface. 
This result indicated also that loading of Fe on the MgO support above 5.0 wt. % would 
be detrimental for iron dispersion potentially leading to the total collapse of the pore 
structure, and thus formulations above 5.0 wt. % Fe were not further evaluated. 
Comparing the two catalytic formulations, BET adsorption and desorption curves 
obtained (Figure 4.1) are typical representative of a type IV isotherm. For both catalysts, 
capillary condensation was observed but occurs at 0.65 relative pressure for the 0.6 wt. % 
Fe catalyst compared to 0.45 relative pressure in the case of the 5 wt. % Fe catalyst 
(Figure 4.1), an indication that pore size distributions in the 0.6 wt. % Fe catalyst is  
narrower. 
 
Table 4.1. Surface BET area (SBET), average pore size (Dp) and pore volume (Vp) 
obtained for MgO, 0.6 and 5 wt. % Fe-MgO pretreated catalysts. 
Material SBET (m
2
/g) Dp (nm) Vp (cm
3
/g) 
MgO 698 3 0.40 
0.6 wt. % Fe-MgO calcined catalyst 142 12 0.44 
5 wt. % Fe-MgO calcined catalyst 82 13 0.25 
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Figure 4.1. The isotherm plots for calcined 0.6 and 5 wt. % Fe-MgO catalyst powders 
measured at temperature 77 K. 
 
Figure 4.2 shows the XRD patterns obtained on both calcined catalysts. The 
diffractograms show characteristic peaks of MgO, diffraction peaks for metallic iron or 
isolated iron oxides were not observed on the 0.6 wt. % Fe catalyst. This indicates that, 
during the calcination process, the iron precursor species incorporated uniformly over the 
MgO support. On the other hand, a diffraction peak corresponding to Fe2O3 was observed 
on the 5 wt. % Fe catalyst. The occurrence of these isolated Fe2O3 phase is likely due to 
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the higher loading of iron on the MgO and possible aggregation of iron oxides species 
occurring during the calcination step.   
 
Figure 4.2. XRD patterns of air calcined 0.6 and 5 wt. Fe-MgO catalysts. 
 
UV-Vis-DRS was used to further investigate the morphology of the iron phases in 
the calcined catalysts. Figure 4.3 shows the UV-Vis-DRS spectra obtained on the Fe-
MgO catalyst at iron loadings of 0.6 and 5 wt. %. According to reports in the literature, 
the absorption band below 300 nm can be assigned to isolated Fe
3+
 species in an oxidic 
environment [144,145], while two-dimensional FeOx species absorb in the 300-500 nm 
range [145,146], and three-dimensional Fe2O3 particles absorb above 500 nm [146]. For 
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both catalyst formulations, the spectra is dominated by absorption bands below 300 nm, 
which can be attributed to isolated Fe
3+
 species, well dispersed over MgO [144,145]. 
There is also a tail in the spectrum of the 5 wt. % formulation extending beyond 400 nm. 
This tail can be assigned to amorphous Fe
3+
 oxide oligomers growing in nuclearity [147] 
at increased Fe loadings. These results imply that the calcination process did lead to 
slight aggregation of the iron centers into iron oxide clusters, particularly for the 
formulation with 5 wt. % of Fe.   
 
 
 
Figure 4.3. UV-Vis-DRS spectra of calcined (a) 0.6 wt.  % and (b) 5 wt.  % Fe-MgO 
catalysts. 
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The TPR profiles of the calcined 0.6 and 5 wt. % Fe-MgO catalysts are shown in 
Figure 4.4. The reduction of iron oxides to metal iron under hydrogen usually occurs 
following a reaction sequence [148] and the position of the TPR profile maxima may 
vary from sample to sample depending on the temperature ramp rate, different sizes of 
oxide aggregate, addition of a substituent/dopant ion and the presence of strong metal 
oxide-support interaction [148]. As shown in Figure 4.4, the 0.6 wt. % Fe catalyst has 
only a single reduction peak, which occurred at 342 °C and can be attributed to the 
reductive transition of well dispersed isolated iron oxide ions to Fe [148]. On the other 
hand, the TPR profile for the 5 wt. % Fe catalyst shows two reduction peaks. The first 
peak at 332 °C can be assigned to the transformation of crystalline Fe2O3 to FeO and the 
second peak at 555 °C corresponds to the transition of FeO to Fe [149]. According to the 
TPR profile of the 0.6 wt. % Fe catalyst the Fe2O3 species interact weakly with the MgO 
support which explains the rapid reduction at relatively low temperatures (332 °C). 
However, the Fe species in the 5 wt. % show stronger interaction with the MgO support 
as the reductive transition occur in two stages, with the final reduction of FeO to Fe 
occurring at 555 °C.    
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Figure 4.4. Temperature programmed reduction (TPR) profiles of Fe-MgO catalysts 
reduced in 10 mL/min (5 % H2 and 95 % Ar) gas mixture. 
  
4.3.2 SWCNTs characterization 
HRTEM images of as-grown and purified carbon materials obtained at 850 °C 
and 900 °C on the 0.6 and 5 wt. % Fe-MgO catalysts are shown in Figure 4.5 (a-l). 
HRTEM images reveal the coexistence of SWCNTs, MWCNTs, graphite and other 
poorly graphitized carbonaceous materials on the carbon deposits obtained on the 0.6 wt. 
% Fe catalyst at 850 °C and 900 °C. Further analysis of the images of the carbon deposits 
obtained on the 0.6 wt. % Fe catalyst indicates that bundles of SWCNTs diameters of a 
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few dozen nanometers are entangled mostly with MWCNTs in most of the samples 
tested. In terms of selectivity towards SWCNTs, the growth temperature of 850 ºC seems 
to favor SWCNTs formation as the micrographs obtained showed lesser amount of 
MWCNTs and other defective carbonaceous materials when compared to the 
micrographs of samples obtained at 900 ºC. Optical absorption experiments also support 
this assertion as the purified material grown at 850 ºC was much easier to disperse in 
surfactant than the material grown at 900 ºC. On the other hand, the carbon materials 
obtained on the 5 wt. % Fe catalyst at 850 and 900 ºC all showed abundance of 
MWCNTs, amorphous carbon and other poorly graphitized material in comparison to 
SWCNTs. For the material grown at 850 ºC on this catalyst, the optical absorption 
spectra also showed poorly resolved spectra consistent with the lack of large quantity of 
high quality SWCNT. These qualitative observations indicate that the 0.6 wt. % Fe 
catalyst formulation is more selective than the 5 wt. % Fe catalyst. Detailed quantitative 
discussion on carbon materials yields and selectivity observed on these catalysts is 
discussed in the TPO section.  
                                                                                                                                                                                                                      
(a) 
(b) 
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Figure 4.5. Low and high magnification images of as-produced (a, b) and purified (c, d) 
carbon deposits obtained at 850 °C, low and high magnification images of as-produced 
(e, f) and purified (g, h) carbon materials obtained at 900 °C on 0.6 wt. % Fe-MgO 
catalyst. TEM images of as-produced (i) and of purified (k) carbon deposits synthesized 
at 850 °C, and images of as-produced (k) and purified sample (l) synthesized at 900 °C 
on 5 wt. % Fe-MgO catalyst. 
 
(i) 
(j) 
(k) 
(l) 
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Raman spectroscopy is a quick and powerful technique to probe the structure of 
the quasi-one-dimensional SWCNT material. The three main features of interest are: the 
radial breathing mode (RBM) under 300 cm
-1
, the defect induced D-band around 1300 
cm
-1
 and the 1-2D graphene sheet folding induced G-band around 1600 cm
-1
. These 
features provide information on the diameter and electronic properties of SWCNT 
materials [31,150].  Figures 4.6 (a-h) show the Raman spectra collected at 633 nm (1.96 
eV) for SWCNT samples grown at 850 °C and 900 °C on the 0.6 and 5 wt. Fe catalysts. 
The samples obtained on the 0.6 wt. % Fe catalyst show better selectivity towards 
SWCNT as the low ratio between the D and G bands intensities indicate. This ratio has 
been employed to quantify defects in the graphene structure of SWCNT and the presence 
of amorphous carbon [151]. On both catalysts the relatively strong D band demonstrates 
that the as-grown products contain a substantial amount of amorphous carbon and other 
defective carbonaceous materials, an indication that these catalytic formulations are not 
very selective to grow SWCNTs. These results corroborate the HRTEM results earlier 
discussed, which showed low selectivity for SWCNT in all these samples.  The RBM 
frequency (100-300 cm
-1
) has a strong dependence on the SWCNT diameter that is 
excited at the laser wavelength used. The expression; tRBM d5.2235.12  which 
accounts for SWCNTs packed into bundles due to van der Waals interaction [152] was 
used to calculate the SWCNT diameters corresponding to the main RBM frequencies in 
the Raman spectra. The diameters of the SWCNTs were estimated between 0.94 nm and 
1.89 nm using this expression. However, no quantitative relationship can be associated 
with the different intensities of the RBM frequencies, because Raman scattering of 
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SWCNT is a resonant process associated with the energy value of the optical transition 
and the excitation laser light frequency [43,153].   
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Figure 4.6. Raman spectra of as-synthesized (a, b) at 850 and 900 ºC and purified carbon 
materials grown at 850 and 900°C (c, d) on 0.6 wt. % Fe-MgO catalyst. Raman spectra of 
as-synthesized (e, f) at 850 and 900 ºC and purified carbon materials grown at 850 and 
900°C (g, h) on 5 wt. % Fe-MgO catalyst.   
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Optical absorption spectroscopy is a convenient and effective method to 
determine the purity, aggregation state of SWCNTs and chirality assessment. Results 
obtained from optical absorption analysis complements information obtained on the 
diameter distribution of SWCNTs from TEM analysis and Raman data. Figures 4.7 and 
4.8 show the optical absorption experiment results obtained for purified SWCNTs grown 
at 850 °C on the 0.6 and 5 wt. % Fe-MgO catalysts respectively. The spectra were 
acquired in the range of 400-1400 nm after baseline correction. No features were 
observed in the spectra below 600 nm. These features could be correlated with a series of 
distinct electronic transitions between the pairs of Van Hove Singularities (VHSs) of 
semiconducting and metallic SWCNTs. According to the electronic band theory [154] the 
vertical interband transition energy between the ith pair of VHSs in both the valence and 
the conduction bands of a semiconducting (S) or metallic (M) nanotube (
S,M
Eii) are 
correlated with the diameter of the SWCNT (dt) by tCCii
MS dnaE 0
, 2  . Where aC-C 
is the nearest neighbor carbon-carbon distance (~0.144 nm), γ0 is the nearest-neighbor 
carbon-carbon interaction energy (~2.9 eV), and n is an integer. 
S,M
Eii corresponds to the 
first, second, third, fourth, and fifth interband transition of semiconducting SWCNTs 
when n =  1, 2, 4, 5, and 7, and to the first and second interband transition of metallic 
SWCNTs when n = 3 and 6, respectively. Previously reported protocols [152,155] were 
used to assign chiral indices, based on the position of the optical absorption peaks. These 
results are shown in Table 4.2. The UV-Vis-NIR results were in excellent agreement with 
the Raman and TEM analysis results. Fairly resolved spectra were observed on the 0.6 
wt. % Fe catalyst, while on the 5 wt. % Fe catalyst, only few discernible peaks were 
obtained. The optical absorption experiments further support the fact that these two 
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catalytic formulations were not highly selective for SWCNTs growth under the synthesis 
conditions. 
 
 
 
Figure 4.7. Optical absorption spectra of sodium deoxycholate dispersed SWCNTs grown 
at 850 °C on 0.6 wt. % Fe-MgO catalyst. 
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Figure 4.8. Optical absorption spectra of SWCNTs grown at 850 ºC on 5 wt. % Fe-MgO 
catalyst. 
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Table 4.2. Optical absorption data and assignment of chiral indices of SWCNTs grown at 
850 ºC on 0.6 and 5 wt. % Fe-MgO catalyst. 
Wavelength 
(nm) 
Interband 
transition 
Diameter 
(nm) 
Chiral indices Chiral angle 
(degree) 
0.6 wt. % Fe-MgO 
1265 S11 1.032 (8,7) 27.80 
1182 S11 0.995 (12,1) 3.96 
1120 S11 0.895 (7,6) 27.46 
1065 S11 0.884 (10,2) 8.95 
1030 S11 0.829 (7,5) 24.50 
962 S11 0.782 (8,3) 15.30 
797 S22 0.995 (12,1) 3.96 
737 S22 0.884 (10,2) 8.95 
728 S22 1.032 (8,7) 27.80 
665 S22 0.782 (8,3) 15.30 
648 S22 0.895 (7,6) 27.46 
645 S22 0.829 (7,5) 24.50 
5 wt. % Fe-MgO 
1270 S11 1.032 (8,7) 27.80 
1184 S11 0.966, 0.995 (8,6) (12,1) 25.28, 3.96 
1121 S11 0.895 (7,6) 27.46 
799 S22 0.995 (12,1) 3.96 
718 S22 0.966 (8,6) 25.28 
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TPO was employed to probe the catalyst performance after SWCNTs growth by 
determining both the yield of carbon and SWCNTs selectivity calculated from the peak 
area under the TPO curve [65]. TPO profiles of as-produced products grown on the 0.6 
and 5 wt. % Fe catalysts are shown in Figures 4.9 and 4.10 respectively. The 
quantification of different types of carbon materials is based on fitting the TPO profiles 
with Gaussian-Lorentzian mixtures using Peak fit software, using a routine [65]. The 
fitting results and thus used to determine the total yield of carbon and selectivity of 
SWCNTs with respect to amorphous carbon, MWCNTs and graphite for all the samples. 
This fitting routine is used in the analysis of all TPO profiles of carbon deposits in this 
chapter and subsequent chapters of this thesis. The fitted TPO profile for the carbon 
deposit obtained on the 0.6 wt. % Fe-MgO catalyst at 850 ºC is shown in Figure 4.11 and 
Table 4.3 show the results of the fitting.   
The oxidation temperatures attributed to carbonaceous materials are in the 300-
350 °C range for amorphous carbon, 400-650 °C for SWCNTs and MWCNTs and above 
700 °C for graphite [64,156-158]. For the 0.6 wt. %, Fe catalyst (Figure 4.11), the 
oxidation peak below 300 °C can be assigned to amorphous carbon and the oxidation 
peak centered at 457 °C can be assigned to SWCNTs. The broad shoulder at 557 and 619 
°C can be assigned to MWCNTs. The TPO profiles of the as-grown material at 850 and 
900 °C on the 5 wt. % Fe catalyst shown in Figure 4.10 display a similar pattern with 
oxidation peaks below 300 °C assigned to amorphous carbon, The peaks at 510 and 520 
°C assigned to SWCNTs, and the tailing oxidation peaks above 580 ºC assigned to 
MWCNTs. A summary of the fitting results is shown in Table 4.4. These results indicate 
that at both synthesis temperatures, the 0.6 wt. % Fe catalyst had higher yield of carbon 
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and better SWCNTs selectivity when compared to the 5 wt. % Fe catalyst, which 
corroborates TEM, Raman and optical absorption data previously discussed.  
 
Figure 4.9. Temperature programmed oxidation profiles of carbonaceous materials 
present in as-produced material grown on 0.6 wt. % Fe-MgO catalyst for 30 minutes.  
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Figure 4.10. Temperature programmed oxidation profiles of carbonaceous materials 
present in as-produced material grown on 5 wt. % Fe-MgO catalyst for 30 minutes.  
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Figure 4.11. Temperature programmed oxidation profile with the peaks fitted by 
Gaussian-Lorentzian mixtures for the as-produced carbonaceous materials obtained on 
0.6 wt. % Fe-MgO catalyst at 850 ºC for 30 minutes. 
 
Table 4.3. Carbon type, composition and total carbon content as calculated from TPO 
data of the as-produced carbonaceous materials obtained on 0.6 wt. % Fe-MgO catalyst at 
850 ºC for 30 minutes. 
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Table 4.4. Carbon yield and selectivity to SWCNT at different catalyst loadings and synthesis 
temperatures calculated from TPO. 
As-produced sample Selectivity (%)  
 
Catalyst 
loading 
 
Temperature 
(°C) 
 
Carbon yield 
(%) 
 
Amorphous 
carbon 
 
SWCNT 
 
MWCNT 
0.6 wt. % Fe-
MgO 
850 9 6 87 7 
0.6 wt. % Fe-
MgO 
900 12 28 64 8 
5 wt. % Fe-
MgO 
850 7 21 68 11 
5 wt. % Fe-
MgO 
900 8 13 74 13 
 
4.4 Discussion 
The relatively low selectivity towards SWCNTs observed on the two iron 
catalysts can be linked to the interaction between the MgO support and the iron oxide 
particles anchored on its surface. During catalyst impregnation and calcination in air the 
iron atoms disperse on the MgO support. It has been previously reported that when a 
strong metal support interaction exists between Fe and MgO [17,153], Fe ions can 
dissolve in the MgO lattice and disperse uniformly to form a solid solution [39]. Prior to 
SWCNTs synthesis when the catalyst is reduced in hydrogen at 450 
o
C, iron precipitates 
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from the MgO lattice and nucleate into small particles, [16,17,153]. When the iron 
loading was 0.6 wt. %, the iron atoms are well dispersed (Figure 4.2 and 4.3) but the 
interaction with MgO is very weak as evidenced from the TPR results (Figure 4.4) 
indicating complete reduction to metallic Fe at 332 °C. Even though, the iron particles 
formed initially may be small Fe iron particles, when exposed to methane at the synthesis 
temperatures they sinter easily to form large iron particles. Because of the presence of 
both small and large Fe particles, both surface and bulk diffusion can take place on a 
single particle resulting in the unselective production of SWCNT and MWCNT [159]. 
Thus, a mixture of mainly MWCNTs and few SWCNTs is observed on the 0.6 wt. % Fe-
MgO catalyst.  
When the iron loading in the catalysts is increased to 5 wt. % Fe, the TPR profile 
indicates the presence of a phase strongly interacting with the MgO support. However at 
this high Fe loading there is also crystalline segregated phase of iron oxide (Figure 4.2 
and 4.3) weakly interacting with the MgO support. Thus iron particles sinter during the 
reduction pretreatment once again leading to poor SWCNTs selectivity since during 
SWCNTs synthesis, iron sinters into large particles less selective for SWCNTs growth 
resulting in broad diameter distribution of the SWCNTs in addition, MWCNTs and other 
graphitic materials are formed.   
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4.5 Effect of catalyst composition on carbon yield and 
selectivity towards SWCNTs 
Addition of a promoter to the main catalyst metal has been shown to exhibit better 
results in terms of carbon yield and SWCNT quality as previously discussed in chapter 
two. To test this possibility in our formulation, we chose to add a small amount of 
molybdenum to the 0.6 wt. % Fe-MgO catalyst. In this case, the loading of iron was fixed 
at 0.6 wt. %, but different molybdenum loadings (0.1, 0.5 and 1.03 wt. %) was tested. 
These resulted in catalyst materials with molar ratios of Fe to Mo of 10:1, 2:1 and 1:1. In 
order to determine the effect of molybdenum addition on carbon yield and SWCNTs 
selectivity, the same operating conditions used to grow SWCNTs on the 0.6 wt. Fe-MgO 
catalyst were used. Raman spectroscopy TPO and optical absorption techniques were 
used to study the obtained carbon deposits. The Raman spectra obtained at the synthesis 
temperature of 850 ºC on these catalysts is shown in Figure 4.12. 
As shown in Figure 4.12, these spectra still show a strong D band indicating a 
relative high level of defective carbonaceous materials in these samples. Comparison of 
the Raman spectra of the carbon material obtained on the catalyst with the same loading 
of Fe (0.6 wt. %) without molybdenum at 850 ºC showed no substantial difference, which 
seems to indicate that the addition of molybdenum to the Fe catalyst did not help to 
improve the quality of the obtained carbon deposits.  
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Figure 4.12. Raman spectra of as-synthesized carbon materials at 850 ºC on Fe-MgO 
catalysts. 
 
In order to further evaluate the activity and selectivity of these Fe-Mo-MgO 
catalysts, TPO was performed on the carbon materials obtained after synthesis at 850 ºC. 
The TPO profile of the carbon deposits is shown in Figure 4.13. Quantification based on 
fitting the TPO profiles with Gaussian-Lorentzian mixtures was used to determine the 
total yield of carbon and selectivity of SWCNTs with respect to amorphous carbon, 
MWCNTs and graphite. The results are shown in Table 4.5.  It can be observed in Table 
4.5 that the yield of carbon increased with the increase of molybdenum loading in the 
catalysts, however the selectivity towards SWCNTs dramatically decreased. As shown in 
Table 4.5, disordered carbon materials and MWCNTs increased as the loading of 
molybdenum in the catalysts increased. Thus, this implies that for our case the addition of 
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molybdenum did not enhance the performance of the Fe-MgO catalyst. Figure 4.14 is the 
optical absorption spectra obtained on the 10:1 iron to molybdenum molar ratio catalyst. 
The spectra peaks positions are similar to the 0.6 wt. % Fe-MgO catalyst, which indicates 
that the bimetallic catalytic formulation had little or no influence on the diameter and 
chirality distribution. Previous work [75] indicate that there is usually a synergistic effect 
between the main catalyst and the catalyst promoter whenever bimetallic catalysts are 
used, and there is a narrow window with the optimum ratio between these metals to 
achieve superior SWCNT selectively. This is one of the drawbacks of bimetallic catalytic 
formulation development. Our results indicate that the selected Fe:Mo molar ratios we 
tested fall outside this narrow window.  
 
 
Figure 4.13. Temperature programmed oxidation profiles of carbonaceous materials 
present in as-produced material grown at 850 ºC on Fe-Mo-MgO catalysts.  
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Table 4.5. Carbon yield and selectivity to SWCNT at different iron to molybdenum molar ratio at 
the synthesis temperature 850 ºC calculated from TPO. 
As-produced sample Selectivity (%)  
 
Fe:Mo molar 
ratio 
Temperature 
(°C) 
Carbon 
yield (%) 
Amorphous 
carbon 
 
SWCNT 
 
MWCNT 
10:1  850 14 16 57 27 
2:1 850 35 5 16 79 
1:1 850 42 7 13 80 
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Figure 4.14. Optical absorption spectra of sodium deoxycholate dispersed SWCNTs 
grown at 850 °C on 10:1 Fe-Mo-MgO catalyst.  
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In order to understand why the bimetallic catalytic formulations were not 
selective for SWCNTs growth, TPR analysis was carried on these materials. The TPR 
profiles of these catalysts are shown in Figure 4.15. Figure 4.15 (a) shows the TPR 
profile of a 1.03 wt. % Mo-MgO monometallic catalyst used for reference. The reduction 
peaks at 655 and 855 ºC can be assigned to the reduction of MoO3 to MoO2 and MoO2 to 
Mo respectively [160-162]. The bimetallic catalyst with 1:1 Fe:Mo molar ratio shows 
three main peaks at 498, 654 and 854 ºC which can be assigned to the reduction of Fe2O3 
→Fe [13], MoO3 →MoO2 and MoO2 →Mo [75,160-162]. On the 2:1 Fe:Mo molar ratio 
catalyst, reduction peaks at 398, 739 and 860 ºC are observed and can be attributed to the 
reduction of Fe2O3 →Fe [148], MoO3 →MoO2 and MoO2 →Mo [75,160-162]. On the 
other hand, the 10:1 Fe:Mo molar ratio catalyst, shows reduction peaks at 415, 549 and 
706 ºC which can be assigned to the reduction of Fe2O3 →FeO [148], FeO →Fe [148] 
and MoO3 →Mo [160-162]. It can be observed that the catalyst with the lowest 
molybdenum loading showed better or stronger interaction with the support as the 
reduction of oxides of iron passed through 2 stages and occurs at higher temperatures 
than on the other two bimetallic catalyst formulations. As in the case of the monometallic 
Fe-MgO formulation this stronger metal-support interaction results in a better selectivity 
to SWCNTs when compared with the other two bimetallic formulations with higher Mo 
loadings.  
